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Abstract
Controlled synthesis of metal nanoparticles is an important area of study because of the unique size and shape
dependent properties of such nanoparticles. For example, gold and silver nanoparticles show distinct surface
Plasmon resonance (SPR) bands varying with the size, shape and surface morphology of the nanoparticles.
The assembly of these nanoparticles usually exhibit interesting collective optical properties different from
their individual components. However, controlled synthesis and assembly of metal nanoparticles with high
yield and enhanced optical properties is still challenging. In this thesis, I presented the synthesis of ultrathin
gold/silver nanowires and sub-50 nm gold triangular nanoprisms by adopting silver seeds and benzyl
dimethyl hexadecyl ammonium chloride (BDAC) in a seed-mediated growth method. Furthermore, I
developed a templated surfactant-assisted seed growth method to synthesize gold nanoshells with varying
surface morphologies by changing the type of surfactants and ions in the growth solution. The optical
properties of the nanoshells could be controlled over a wide wavelength range by varying the surface
morphology. By using a combination of BDAC surfactant and template surfactant-assisted seed growth
method, isotropic shell-type gold nanoparticle clusters, or raspberry-like meta-molecules (raspberry-MMs),
were successfully synthesized. The raspberry-MMs exhibited interesting far field and near field optical
properties. The raspberry-MMs showed unusually strong magnetic resonances, yielding broad SPR bands in
the visible and near-IR region. Both experimental data and finite-difference time-domain (FDTD)
simulations showed that the magnetic dipole can be even larger than that of the electric dipole resonance in
large raspberry-MMs. Moreover, I utilized Raman spectroscopy as a tool to probe the near field optical
properties of the raspberry-MMs. Due to the existence of a large number of hotspots at the gaps among gold
beads within individual raspberry-MMs, individual raspberry-MMs proved to be efficient Raman substrate.
Importantly, the contribution from hotspots created at the gap between two adjacent raspberry-MMs is
negligible compared to that from a large number of hotspots on individual raspberry-MMs. Consequently, the
Raman signal intensity of the analyte molecules on the raspberry-MM dimers exhibited quite narrow
distribution and is weakly dependent on the distance between the two raspberry-MMs. This paved the way for
fabricating large-area raspberry-MM films which can serve as macroscopic efficient and reproducible Raman
substrate. The robustness and tunability of the synthetic method presented in this thesis, the strong magnetic
responses of the raspberry-MMs and the efficient Raman enhancement from single raspberry-MM, raspberry-
MM dimer and films can lead to large-scale manufacture and wide applications of magnetic metamaterials as
well as commercialization of uniform Raman substrate.
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ABSTRACT 
 
CONTROLLED ASSEMBLY OF METAL NANOPARTICLES WITH ENHANCED OPTICAL 
PROPERTIES 
Zhaoxia Qian 
So-Jung Park 
     
    Controlled synthesis of metal nanoparticles is an important area of study because of the unique 
size and shape dependent properties of such nanoparticles. For example, gold and silver 
nanoparticles show distinct surface Plasmon resonance (SPR) bands varying with the size, shape 
and surface morphology of the nanoparticles. The assembly of these nanoparticles usually exhibit 
interesting collective optical properties different from their individual components. However, 
controlled synthesis and assembly of metal nanoparticles with high yield and enhanced optical 
properties is still challenging. In this thesis, I presented the synthesis of ultrathin gold/silver 
nanowires and sub-50 nm gold triangular nanoprisms by adopting silver seeds and benzyl 
dimethyl hexadecyl ammonium chloride (BDAC) in a seed-mediated growth method. 
Furthermore, I developed a templated surfactant-assisted seed growth method to synthesize gold 
nanoshells with varying surface morphologies by changing the type of surfactants and ions in the 
growth solution. The optical properties of the nanoshells could be controlled over a wide 
wavelength range by varying the surface morphology. By using a combination of BDAC surfactant 
and template surfactant-assisted seed growth method, isotropic shell-type gold nanoparticle 
clusters, or raspberry-like meta-molecules (raspberry-MMs), were successfully synthesized. The 
raspberry-MMs exhibited interesting far field and near field optical properties. The raspberry-MMs 
showed unusually strong magnetic resonances, yielding broad SPR bands in the visible and 
near-IR region. Both experimental data and finite-difference time-domain (FDTD) simulations 
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showed that the magnetic dipole can be even larger than that of the electric dipole resonance in 
large raspberry-MMs. Moreover, I utilized Raman spectroscopy as a tool to probe the near field 
optical properties of the raspberry-MMs. Due to the existence of a large number of hotspots at the 
gaps among gold beads within individual raspberry-MMs, individual raspberry-MMs proved to be 
efficient Raman substrate. Importantly, the contribution from hotspots created at the gap between 
two adjacent raspberry-MMs is negligible compared to that from a large number of hotspots on 
individual raspberry-MMs. Consequently, the Raman signal intensity of the analyte molecules on 
the raspberry-MM dimers exhibited quite narrow distribution and is weakly dependent on the 
distance between the two raspberry-MMs. This paved the way for fabricating large-area 
raspberry-MM films which can serve as macroscopic efficient and reproducible Raman substrate. 
The robustness and tunability of the synthetic method presented in this thesis, the strong 
magnetic responses of the raspberry-MMs and the efficient Raman enhancement from single 
raspberry-MM, raspberry-MM dimer and films can lead to large-scale manufacture and wide 
applications of magnetic metamaterials as well as commercialization of uniform Raman substrate. 
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1. Introduction 
1.1 Optical Properties of Metal Nanoparticles 
1.1.1 Localized Surface Plasmon Resonance (LSPR) 
Surface plasmon resonance is the collective oscillation of surface conduction electrons on 
material excited by incident electromagnetic waves. The surface plasmons can propagate along 
the metal-dielectric interface for tens to hundreds of micrometers, whereas decay quickly on the 
order of 200 nm along the direction perpendicular to the metal-dielectric interface.1 When 
electromagnetic wave interacts with metal nanoparticles much smaller than the wavelength of the 
incident electromagnetic wave, the surface Plasmon resonance oscillate locally around 
nanoparticles. This is called localized surface Plasmon resonance (LSPR).(Scheme 1) 
Resonance condition is satisfied when the frequency of the electromagnetic wave matches the 
natural frequency of surface electrons oscillating against the restoring force of positive nuclei.2 
Consequently, a distinct extinction of incident light by the nanoparticles would occur at resonance 
frequency. Part of the light will be absorbed and part of the light will be reradiated in the form of 
scattering. Scattering and absorption constitute extinction of incident light by the metal 
nanoparticles. 
LSPR of metal nanoparticles is strongly dependent on their size, shape, chemical composition 
and  dielectric environment.3 For example, Njoki et al4 summarized the relationship between 
 
 
maximum of the LSPR band of spherical gold nanoparticle as follows: y= y
518.8, a = -0.0172, b = 0.0063, and c = 
the LSPR band position. For anisotropic metal nanoparticles such as nanorods and triangular 
nanoprisms, the LSPR depends not only on the size but also on the length ratio between 
longitudinal and transverse direction. For 
between the aspect ratio of gold nanorods and the longitudinal resonance wavelength. Zhang et 
at6 reported the LSPR of Ag triangles fabricated by nanosphere lithography on ITO would blue 
shift after truncation of corners via electrochemical oxidation.
 
 
Scheme 1.   Localized surface Plasmon resonance of spherical metal nanoparticles under 
incident electric field. This illustration is adapted from reference 3.
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    The LSPR of metal nanoparticles is also strongly dependent on the dielectric constant of its 
surrounding medium. Van Duyne et al7 8 summarized the relationship between LSPR shift on the 
change of dielectric constant of the medium caused by absorbance of bioanalytes as follows:  
 
Here m is the bulk refractive-index of the nanoparticle; n is the change in refractive index of the 
medium; d is the effective adsorbate layer thickness; and ld is the characteristic EM-field-decay 
length which is in the order of 300 nm.  
    The sensitivity S of a certain type of nanoparticles is often expressed in LSPR shift in 
nanometer per refractive index unit (nm/RIU):  .  And the precision of LSPR sensing 
depends on the sensitivity and the peak line width. A widely used parameter to evaluate a 
nanoparticle’s sensing capability is figure of merit (FOM)9: . The LSPR sensitivity 
strongly depends on the shape of metal nanoparticles.10  Nanoparticles with sharp tips usually 
have much higher LSPR sensitivity than that of spherical nanoparticles.10  For example, silver 
triangles were reported to have a much higher sensitivity (350 nm/ RIU) than spheres (160 
nm/RIU)11. And gold nanoshells had a much higher sensitivity (409 nm/RIU) compared to gold 
nanospheres of the same diameter (60 nm/RIU)12. 
 
1.1.2 Mie Theory 
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 Maxwell's equation describes how electromagnetic waves interact with materials or vacuum 
quantitatively. Its differential form in matter in time domain is as follows13: 
 ·   0  
 ·   ρ  
    	


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   




  
Herein, D is electric flux density, E is electric field intensity, B is magnetic flux density and H is 
magnetic field intensity. 


 is displacement current.  ρ is the free charge density and J is the 
electric current density (J =JF+JC, JF: externally impressed source current, JC : conduction current 
flows in electrically conducting media, Jc=σE). They satisfy the continuity equation due to 
conservation of charge: 
  ·   	

ρ
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B, D, E and H are all vectors dependent on time t and location r in electromagnetic field. D and H 
satisfy the constitutive relationship: 
               µ 
Here  is electric permittivity and µ is magnetic permittivity. And the following relationship stands 
in linear media: 
D=εE=ε0E+P=ε0E+ε0χeE                        B=µ0  = µ0(1+χm)H 
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χe is the electric susceptibility of the medium, χm is the magnetic susceptibility of the medium.  M is 
called magnetization, which denotes magnetic dipole moment per unit volume. P is called 
polarization, which denotes electric dipole moment per unit volume. 
    In order to study how metal nanoparticles and nanoparticle clusters interact with light, we need 
to solve Maxwell's equation. Mie theory, proposed by Gustav Mie in 19082, provides rigorous 
solutions for light scattering by an isotropic sphere embedded in a homogeneous medium.1 It's 
applicable to spherical particle systems with random sizes whereas not applicable to non-
spherical particles. According to Mie theory, the extinction and scattering cross section of 
plasmonic particles can be expressed as follows:2, 14 
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here k  is the wave vector and x k r=  (r is the radius of the particle); Lψ
and  
Lη
 are the 
Ricatti-Bessel cylindrical function. m = n/nm in which n is the complex refractive index of the 
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particle and  is the real refractive index of the surrounding medium. 1L =  corresponds to 
dipole resonance and 2L =  corresponds to quadrupole resonance and so on. The absorption 
cross section σabs is extinction cross section subtracted by scattering cross section. The electric 
field lines on a spherical nanoparticle surface corresponds to the transverse components of the 
first four normal modes is shown in Figure 1.12, 15  
    For spherical particles with a radius much smaller than the wavelength of light (roughly 2r < 
λmax/10), the dipole resonance contribute dominantly (dipole approximation) and the extinction 
cross section be expressed as2, 15: 
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Here rε  and iε  are the real and imaginary part of the metal dielectric function, respectively. εout  
is the dielectric function of the environment. χ  is the shape factor whose value is 2 for spherical 
particles. As the nanoparticle size increases, the contribution from higher order modes such as 
quadrupole resonance or octopole resonance would contribute more to the extinction cross 
section and the above dipole approximation is no longer applicable. For non-spherical shapes, 
numerical methods such as discrete dipole approximation and finite-difference time-domain 
simulation can give approximate information about how the particles interact with electromagnetic 
wave.16, 17   
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Figure 1.1 Electric field patterns: normal modes (copied from Bohren & Huffman, Absorption and 
Scattering of Light by Small Particles15). 
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1.1.3 Multiple Expansion 18   
    In electrodynamics, the total scattered or radiation field of an object can be expressed as a 
sum of electric and magnetic multipoles such as dipole, quadrupole, and octopole etc.18 These 
electromagnetic multipoles moments are defined as follows: 
electric monopole: 
( )q rρ= ∫
r
dV
 
electric dipole:  
)p r r J r= =∫ ∫
r r ri
ρ( dV ( )dV
ω
 
electric quadrupole: 
Q r rr J r r rJ r∫ ∫
r rr i
= ρ( ) dV= [ ( ) + ( )]dV
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magnetic dipole: 
m r J r= ∫
r r1
× ( )dV
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Here rr
rr
represent the direct product. In Cartesian coordinates rr
rr
ij i j( ) =r r
. 
Assume in a bounded region of space, we have an arbitrary distribution of monochromatic current 
density ( )J r
r  and a distribution of charge density ( )rρ
r  derived from it by the equation of 
continuity ( J r r∇
r r
 ( )=iωρ( )). The scalar and vector potential of such a source in the phasor 
form is given by the Helmholtz integrals: 
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( )A r
r r% is the phasor form of the time dependent vector potential ( , )A r t
r r  with the relationship
( , ) ( )e i tA r t A r ω−=
r rr r%  . The same rule applies to  . 
Taylor expansion of the vector potential is conducted as follows: 
 
Here, , ,d q mA A A
r r r% % %
 corresponds to the vector potential of electric dipole, electric quadrupole and 
magnetic dipole. 
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To calculate the radiation from each multipole mode, we need to consider the retarded potential 
instead of the transient ones above. The vector potentials in the time domain at arbitrary 
frequency can be written as sum of phasor forms at all frequencies (same forJ ): 
A r A r
∞
∞
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r rr r%
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-iωt
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( ,t)= ( )e dω
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For each mode, we can derive the induced field of the current distribution for each multiple modes 
as follows: 
B A= ∇×
rr
 
Then the Poynting vector, which is the energy flow per unit area per unit time, can be calculated 
as follows: 
 
 
Then the power flux of different electric and magnetic multiples through a closed surface in the 
radiation zone can be calculated by integrating the Poynting vector over a spherical surface at 
infinity: 
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The radiation field intensity of different resonance modes can be derived from the vector 
potential, which is summarized as below:  
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1.2 Synthesis of Metal Nanoparticles via Seed-media ted Method 
1.2.1 Introduction about Seed-mediated Method 
    The last few decades has seen tremendous effort on synthesizing noble metal nanoparticles, 
especially Au, Ag, Pt, Pd, with controlled size, shape, composition and crystal structure.19 The 
reported synthetic strategies roughly lie in two categories: one-batch method or seed-mediated 
growth method. The conventional one-batch method involves nucleation and growth of metal 
nanoparticles in the same solution which usually contains metal precursor, capping agent and 
reducing agent.19 Although this method gave a large variety of metal nanoparticles of different 
shapes and compositions, each specific synthesis strategy only offers a small tunable size 
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window of the nanoparticles.20 This can be simply explained by the fact that increasing 
concentration of metal precursor would increase the nucleation site, resulting in increasing 
concentration of nanoparticles with relatively constant sizes.20 
    The seed-mediated growth method, initially proposed by Murphy et al for gold and silver 
nanowire synthesis21, 22, has led to a variety of nanoparticle morphologies such as nanospheres, 
nanorods, nanowires, triangular nanoprisms, nanocubes and nanoshells.23-25 In typical seed-
mediated method, the seed nanoparticles are preformed and then injected into a growth solution 
contains metal precursor, weak reducing agent, capping agent and additives which helps control 
the shape of the final product. The seed serves as a heterogeneous nucleation site as well as 
catalysis for the deposition of atomic metal from the growth solution. This method offers a large 
room for controlling seed size, shape and composition independently from the growth solution.20 
The size of the final product can be tuned by simply controlling the relative concentration of the 
growth solution compared to the seed. Moreover, the chemical composition of the seed can be 
different from the metal component in the growth solution as long as the lattice mismatch 
between the two metals are low enough to favor epitaxial growth of the second metal. For 
example, the lattice parameters of fcc structure of Au, Ag, Pt and Pd are within 5% difference and 
they can form a variety of bimetallic nanoparticles.26-29 
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     For each final product with different morphologies synthesized by seed-mediated method, 
multiple thermodynamic and kinetic factors such as seed crystallinity, additives and silver 
underpotential deposition (Ag UPD) play roles synergistically. In specific examples, one or two 
factors would play dominant role. Herein, the role of seed crystallinity and Ag UPD will be 
discussed in details. 
1.2.2 Influence of Seed Crystallinity 19 
    The structure of small nanoparticle seed can be single-crystal, singly twinned or multiply 
twined, which is history dependent and determined by both thermodynamic and kinetic factors. 
Thermodynamically, most stable seeds with minimum total interfacial energy are usually formed 
and this is essentially a balance of surface energy and lattice strains in twined seed. Selective 
capping of surfactant or small molecules on certain facets can change the surface energy of 
these facets, therefore modifying the thermodynamic product. Thermodynamically, for fcc metal, 
three most stable facets are (111), (100) and (110) facets and their surface energy follows this 
order: . This implies that a single-crystal seed would prefer all (111) 
surfaces in order to minimize surface energy, therefore take an octahedral or tetrahedral shape.  
However, both shapes have higher surface area than a cube of the same volume. As a 
compromise, single-crystal seed prefers to exist as truncated octahedrons with a mixture of (111) 
and (100) facets. This shape is near spherical and has minimum total interfacial free energy.19 
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    Single-crystal seeds are usually accompanied by the formation of singly twined or multiply 
twined seed. Singly twined or multiply twined seeds contains at least one twin-defect, which is 
usually a single atomic layer in the form of a (111) mirror plane.19 In order to minimize total 
interfacial energy, the surface of singly twined seed tends to be a mixture of (111) and (100) 
facet. A typical decahedron seed with five-fold symmetry usually contains 5 (111) facet on each 
side of the mirror plane. Five tetrahedrons joined with (111) twin planes will leave a gap of 7.35o 
since the theoretical angle between two (111) a plane of a tetrahedron is 70.53o, which is 
compensated by an elongation of bond length and a disordered region at the boundary. The 
defect region would increase as the seed size increase, resulting in increased strain energy. And 
the total interfacial energy of the seed would go up correspondently. Therefore, multiply twined 
seed are only thermodynamically favorable at relatively small sizes. The relative population of 
singly twined seed and multiply twined seed by controlling the growth kinetics. At low growth rate, 
multiply twined seeds can be kept at relatively small sizes and are favored compared to singly 
twined seed. In certain cases, stacking faults formed by adding or missing one layer of atoms in 
the crystals or twined planes in twined seeds can result in plate-like seeds. The two parallel faces 
of plate-like seeds are (111) facets, however, due to the large surface area compared to a 
polyhedral seed of the same volume and the lattice strain energy caused by defects, the total 
interfacial energy of plate-like seeds is extremely high. Therefore, plate-like seeds are not a 
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thermodynamic product. On the contrary, the multiply twined seed can easily be removed by 
oxidative etching via H2O2
30 or Cl-/O2 pair
31 or O2
32. 
    There’re a few cases when the morphology of the final product is determined by the seed 
crystallinity. For example, Zhang et al33 developed the synthesis of silver nanoplates by a seed-
mediated method in which the silver seed was prepared by mixing AgNO3, trisodium citrate, PVP, 
and H2O2 followed by quick injection of NaBH4. And they noticed that H2O2 serves as an etchant 
to etch away unstable seed so that only multitwined seed whose (111) facets can be stabilized by 
citrate can continue growing.30 Xia et al. have reported the preparation of Ag nanocubes, nano-
bipyramids and nanowires via using Ag seed whose crystallinity are tuned to be single crystalline, 
singly, and multiply twinned, respectively via oxidative etching by O2 or halides.
34-36 
1.2.3 Silver Underpotential Deposition (Ag UPD) 
    Underpotential deposition is the deposition of a metal monolayer or submonolayer onto a 
different metal surface at a potential significantly less negative than for bulk deposition.37 Silver 
underpotential deposition onto gold surface is one of the earliest UPD system discovered.38  
    At low concentration of silver ions in the growth solution, silver ions prefer underpotential 
deposition on more open facets due to the more binding sites and therefore attractive forces. For 
example, Mirkin et al reported the synthesis of gold rhombic dodecahedra, truncated ditetragonal 
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prisms and concave cube with exposed surface facets of (110) (310) and (720) respectively by 
increasing the concentration of silver ions in the growth solution39 and theoretical calculation and 
experimental results consistently proved that there’s one monolayer of silver atoms on the 
surface of these gold structures. On the other hand, at high concentration of silver ions, they 
prefer deposition on (111) facet because (111) facet can accommodate the highest packing 
density of atoms (~1100 per nm2).40 The existence of big halide ions such as bromide or iodide 
would destabilize the Ag UPD layer to damp its shape directing ability. It’s proved that the stability 
of an Ag UPD layer decreases in the order Cl− > Br− > absence of halide > I−.41, 42 This can be 
explained that the stability of Au-halide decreases while the stability of Ag-halide increases from I- 
to Cl-, leading to preferable formation of Au-Ag UPD-Cl- compared to Au-Ag UPD-I-. 24, 42 
Mirkin et al reported that with the presence of low concentration of bromide or chloride ions in 
the growth solution, the silver coverage in the final gold product is higher with bromide ion 
addition than chloride ion addition.24, 39 Whereas at high concentration of bromide ions, the 
underpotential deposition of silver onto the gold product surface is inhibited compared to 
chloride43, 44 They attributed these seems counterintuitive phenomenon to the destabilization of 
Ag UPD layer via bromide ions compared to that of chloride ions: at low concentration of bromide 
ions, the bromide would destabilize and create a more dynamic Ag UPD layer which allows 
rearrangement of surface silver atoms and increasing silver coverage; on the contrary, higher 
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concentration of bromide ions would destabilize the Ag UPD layer and at the same time absorb 
onto the gold surface stronger than chloride ions. 24 
1.2.4 Role of Halide Ions 45 
All halide ions are known to bind to Au surfaces (i.e., Au (111), Au (100), Au (110)) except 
fluoride ion.46 Their binding on Au surfaces follows the order of chloride ion, bromide ion and 
iodine ion with increasing strength.46 More specifically, fluoride ions nonspecifically absorb to gold 
surface; chloride ions bind weakly to gold surface. I- ions bind too strongly to gold surface to 
destroy Au nanoparticles,47, 48 and Br- ions bind to gold surface not too weak or too strong.49  
Addition of halide ions into the growth solution of seed-mediated method are reported to 
significantly influence the final morphology of the product.31 Jana et al 22 developed the seed-
mediated method to synthesize gold nanorods in 2001 and it was proposed that the preferential 
binding of CTAB to the longitudinal faces of the Au nanorods facilitated the directional deposition 
of gold atoms at the tips of the rods.50, 51 Further study demonstrated that the bromide ion 
concentration is more critical than the cationic part of the surfactant in facilitating nanorod 
formation.49, 52 Smith et al. showed that the yield of Au nanorods in the silver-assisted method 
would decrease significantly in the presence of low concentration of iodide impurities in CTAB.47, 
53 Millestone et al54 also reported that with increasing concentration of iodide ions from 0 to 75 µM 
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in a CTAB-based growth solution, spherical Au nanoparticles, gold nanorods and triangular 
nanoprisms can be formed. Mirkin et al further extended this study and demonstrated that Au 
nanoparticles with a rich morphology can be synthesized by tuning the concentration ratio 
between silver ions and halide ions in the growth solution.24 All these examples demonstrated that 
the morphology of the Au nanoparticles synthesized by seed-mediated method is very sensitive to 
the concentration of halide ions in the growth solution.  
Mirkin et al recently found that halide ions can play several roles in the synthesis of Au 
nanoparticles (tris-octahedral, concave tubes, prisms and tetrahedral): 1) tuning the redox 
potentials of the gold precursor via the formation of surfactant-halide complex, 2) passivation of 
the surface of growing Au nanoparticles, 3) controlling the kinetics and thermodynamics of silver 
underpotential deposition at the nanocrystal surface.24 They found that in the absence of silver 
ions in the growth solution, large halide ions such as I- would slow down the Au nanoparticle 
growth by decreasing the reduction potential of AuX2
- complex and by passivating the growing Au 
nanoparticle surface, resulting in Au nanoparticles with lower surface energy faces.24 In the 
presence of silver ions in the growth solution, trace amount of large halides decreases the 
stability and thus increase the mobility of the Ag UPD layer, leading to reorganization of the Ag 
UPD layer on the Au nanoparticle surface and consequently favor the formation of shapes with 
high-energy facets. However, when big halide ions (I- or Br-) are present in large amount, they 
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would compete with AgUPD layer on deposition on the Au nanoparticle surface, limiting the 
number of shapes that can be generated.24 These results are important in illustrating the working 
rules of halide ions in Au nanoparticle synthesis; however, the above rules are limited to the 
specific synthetic conditions and are hard to generalize. For example, it can’t explain the 
formation of Au nanorods in which a high concentration of Br- and certain concentration of silver 
ions coexist. Moreover, DuChen et al55 studied the growth of citrate capped gold seed with the 
presence of different halide ions and without silver ions in the growth solution and found that 
chloride ions is not enough to produce anisotropic nanostructures while bromide ions and iodide 
ions favor the formation of gold nanorods and triangular nanoprisms, respectively.  The authors 
proposed that development of nanoprisms and hexagonal nanoplate morphologies. The authors 
proposed that the binding strength of the halide ions on the Au nanoparticle surface follows the 
order of Cl− < Br− < I−, and chloride ions absorb onto the Au nanoparticle surface too weak to 
facilitate anisotropic growth, whereas Br- and I- can bind to Au (110) and (111) surface strong 
enough to favor the formation of Au nanorods and triangular nanoprisms. On the other hand, 
Huang and Chiu proposed that the different reduction and growth rate rather than the passivation 
of the surface of growing Au NPs by halide ions should be responsible for the different 
morphology of the final product.56 For example, faster growth kinetics would favor the formation of 
Au nanoparticles with higher index facets.56  
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In summary, halide ions might play multiple roles described above in the seed-mediated growth 
method for synthesizing Au nanoparticles. Their working mechanism also needs to be considered 
along with other factors such as reaction kinetics and thermodynamics. More advanced 
characterization tools with real time and atomic-level elemental analysis power in colloidal 
solution is in urgent need to elucidate the detailed growth pathways of the nanocrystals.  
1.2.5 Galvanic Replacement Reaction 57 
Galvanic replacement reaction is playing an important role in tuning the morphology of metallic 
nanoparticles. It is a redox process which involves the reduction of one metal ion (An+) and the 
oxidation of the other metal (B) when they are in contact in solution. The prerequisite condition for 
a galvanic replacement reaction to happen is that metal A has higher reduction potential than 
metal B. Table 1 is a summary of standard reduction potential of Au3+ and Ag+ are shown in. A 
typical galvanic replacement reaction between HAuCl4 and Ag nanoparticles is described as 
follows (Figure 1.2). Upon addition of an aqueous solution of HAuCl4 into an aqueous solution of 
Ag nanoparticles, galvanic replacement reaction is initiated: 
                                                   3Ag + AuCl4
-  Au + 3Ag+ + 4Cl- 
Consequently, Ag atoms are oxidized into Ag+ and dissolve into the solution and form a hole 
on the nanoparticle surface (step 1 and 2 in Figure 1.2). The electrons would migrate onto the 
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surface of the Ag nanoparticle and captured by AuCl4
-, resulting in epitaxial deposition of Au 
atoms on the surface of the Ag nanoparticle given their close lattice constant (4.08 vs 4.07 A for 
Ag and Au, respectively) 58, 59 (step 1 and 2 in Figure 1.2). The hole would serve as the primary 
site for the dissolution of silver atoms while at the same time gold atoms would keep depositing 
on the surface of the nanoparticle and form Au-Ag alloy which is thermodynamically favored than 
a mixture of segrated Au and Ag.60 The complete dissolution of pure Ag from the nanoparticle 
resulted in a structure with a hollow interior and an alloyed shell. (step 3 in Figure 1.2)  The small 
hole is closed at this stage probably due to lateral diffusion of Au atoms across the surface.59, 61 
Further deposition of Au would dealloy the shell by removing silver atoms and this is 
accompanied by the formation of many lattice vacancies and an increase in surface energy. 
Small holes in the shell would form in order to decrease the surface energy, resulting in a hollow 
structure with porous walls (step 4 in Figure 1.2). Eventually, the hollow structure would collapse 
into small fragments due to complete dealloying (step 5 in Figure 1.2) 
For Ag nanoparticles enclosed by the same facets, both dissolution of silver and deposition of 
gold would happen on the same facets. This is observed in the case of Ag nanocubes covered by 
six (100) facets59 and Ag octahedrons covered by eight (111) facets62. For Ag nanoparticles 
enclosed by different facets, galvanic replacement reaction tends to start from the facets with the 
highest surface energy while the deposition of Au atoms occurs on facets with lower surface 
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energy preferentially. For fcc metal such as Ag or Au, the free energy of surfaces with lowest 
index decreases in the order of γ γ(110) > γ(100) > γ(111). With the existence of capping agent 
which can selectively stabilize certain facets of the Ag nanoparticles, this order can be reversed. 
For example, poly(vinyl pyrrolidone) (PVP) can bind to the (100) facets of Ag nanocrystals 
specifically, leading to γ(100) < γ(111). When 42-nm Ag cuboctahedrons were mixed with HAuCl4 
for the galvanic replacement reaction, Ag atoms began to dissolve from the (111) facets while Au 
atoms started to deposit on the (100) which is more stable.63  
Galvanic replacement reaction between Au and Ag can be effectively prevented by reducing 
the reduction potential of gold precursor by addition of I-64 or strong reducing agent65. For 
example, Yin et al was able to synthesize highly stable Ag@Au core-shell nanoplates using Au 
nanoplates as template. By adding I- into the growth solution, more stable AuI4
- complex with a 
lower reduction potential compared to that of Ag+ (AuI4
-/Au, 0.560 V vs SHE; Ag+/Ag 0.799 V vs 
SHE) was formed and therefore the galvanic replacement reaction is prevented.64 On the other 
hand,  Xue et al demonstrated that addition of a strong reductant hydroxylamine and NaOH would 
prevent the galvanic replacement reaction between HAuCl4 and Ag nanoplates effectively.
65 The 
strong reducing ability of hydroxylamine in the presence of NaOH resulted in HAuCl4 dominantly 
reduced by hydroxylamine and no galvanic replacement reaction would happen. Moreover, the 
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formation of thin layer of Au on Ag nanocrystal surface would further barrier the galvanic 
replacement reaction.65 
 
 
Figure 1.2  Schematic illustration of the galvanic replacement reaction between a Ag nanoparticle 
and HAuCl4 in an aqueous solution. The gradual morphological and compositional change at 
different stages of the reaction was demonstrated. This illustration is adapted from reference 57. 
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Reaction Reduction Potential (vs SHE) 66 
Ag +(aq)+e
-
Ag (s) 0.799V 
AuCl 4
-+3e- Au (s)+4Cl
- 0.990V 
AuCl 4
-+2e- AuCl 2
-+2Cl- 0.926V 
AuCl 2
-+e-Au (s)+2Cl
- 1.11V 
AuBr 4
-+3e-Au (s)+4Br
- 0.850V 
AuBr 2
-+e- Au (s)+2Br
- 0.962V 
C6H6O6 +2H
++2e- C6H8O6
 0.130V 
AuBr 2
-+2e- Au (s)+2Br
- 0.805V 
 
Table 1.  Reduction potential vs SHE of common reactions involved in the synthesis of plasmonic 
nanoparticles by seed-mediated method. C6H6O6 represents ascorbic acid. 
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1.2.6 Oxidative Etching 67 
    The formation of metal nanocrystals include three major steps: 1) nucleation from reduction of 
metal precursor, 2) growth of nuclei into seed particles, 3) seed particles growth into nanocrystals 
via further deposition of metal atoms.19 Oxidative etching is the oxidation of metal atoms into their 
ionic state by oxidative agent in solution, and this process might be facilitated by passive ligands 
or corrosive ions.67 Oxidative etching can play an important role in the synthesis of metal 
nanocrystals by controlling the structure of the seed or atomic subtraction in preformed 
nanocrystals.    
    Oxidative etching provides an effective route to control the relative population of single-
crystalline seed and twined seed, and therefore controls the crystallinity of the nanocrystal 
products. For example, single crystal seeds can evolve into single-crystal cubes, octahedra, 
tetrahedra, and their various truncated derivatives; single-twinned seeds can evolve into single-
twinned right bipyramids and nanobeams; and five-fold twinned seeds can evolve into multiply 
twinned nanorods and nanowires, decahedra, and icosahedra.67 Under most reaction conditions, 
Ag seed is abundant of twined structures34 due to their relatively higher stability compared to 
other fcc metals.68 Typically, chloride ions are introduced into the growth solution in the format of 
HCl or impurities form ethylene glycol. O2 can oxidize fcc metal atoms while Cl
- can enhance the 
corrosive process by stabilizing the metal ions (refer to Table 1.) Therefore, the O2/Cl
- pair can 
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remove five-fold twined or multi-twined silver seed in ethylene glycol or the so-called “polysol 
process”, 34, 69 leaving single-crystalline seed which favor the formation of spherical 
nanoparticles.31 The O2/Cl
- oxidative etching pair can be blocked by removing O2 in the synthesis 
solution by Fe(III)/Fe(II) pair or Cu(II)/Cu(I) or purging the reaction solution argon.31 For example, 
Fe(III) can be reduced by EG into Fe(II) which can react with oxygen absorbed on the metal 
surface and potentially the oxygen dissolved in the solvent, which can eliminate the oxygen 
species and remove oxidative etching process.70 Cu(II)/Cu(I) ion can also remove twined silver 
seed by oxidative etching, facilitating the formation of single-crystal cubes, octahedra or twinned 
nanowires71, 72 depending on their relative concentration. On the other hand, when oxidative 
etching is blocked by replacing air with argon, multiply twinned structures with high yield would 
dominate.73 O2/Br
- pair can also serve as a strong etchant to Ag,36 although it’s not as strong 
etchant as the O2/Cl
- pair. Moreover, Zhang et al reported that H2O2 is also able to etch away 
unstable silver seed, leaving only multi-twined seed ((111) facet stabilized by citrate)) which is 
favorable for plane-like structure growth.30, 74 In organic solvent such as oleylamine, Fe(III) can 
also etch silver atoms, facilitating the dissolution of twined seeds.73  
    Compared to silver, gold is more inert towards oxidative etching.31 Therefore, it requires a 
higher concentration of Cl- and O2 to induce oxidative etching and completely remove multi-
twined gold seed compared to silver seed. When oleylamine is used as solvent, the formation of 
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oleylamine chains lead to the growth of single-crystal Au nanowires. However, multiply twined 
structures would form when the reaction is performed under inert gas, verifying that oxidative 
etching is also playing an important role in the synthesis of Au nanowires.32, 75 Similarly, single-
crystal Au nanorods was formed in the synthesis with chloroform as a solvent in the presence of 
Fe(III)/Fe(II) and oxygen as etching agent.76 When the gold surface is protected by strong passive 
layer such as poly(vinyl pyrrolidone) (PVP), it can be protected from oxidative etching by the Cl-
/O2 pair and forming multi-twinned structures.
77 
    Oxidative etching can also facilitate the shape evolution of gold or silver nanocrystals to more 
thermodynamically favorable structure to lower the total interfacial free energy. For example, 
Fe(NO3)3 can etch the corners and edges of Ag nanocubes into spheres in 10 min.
78 Also, the 
length of Au nanorods can decrease significantly due to the oxidative etching of Fe(III)/Fe(II)79 or 
HCl80 or CuCl2
81 while their diameter is largely maintained. Table 2 below is a summary of 
common etchants and protection agents in the oxidative etching process in gold and silver 
nanoparticle synthesis. Table 3 below is a summary of standard potentials of redox pairs involved 
in oxidative etching.  
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 Ag  Au  
Cl- Etchant  Etchant  
Br - --- Etchant capping agent  
O2 Etchant  Etchant  
H2O2 Etchant  --- 
Fe(III)/Fe(II) Protection in EG; etchant in oleylamine  Etchant  
Cu(II)/Cu(I)  Protection  Etchant  
CN- --- Etchant  
Citric acid  --- Protection  
Inert gas             Protection           Protection  
 
Table 2. Summary of comment etchants and protection agents in the oxidative etching process in 
gold and silver nanoparticle synthesis. Adapted from reference 67. 
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Half reaction  Eo (vs SHE) 82 
Ag + + e-  Ag  0.7996 
AgBr + e -   Ag + Br - 0.07133 
AgCl + e -   Ag + Cl - 0.22233 
Ag 2SO4 + 2e
-  2Ag + SO 4
2- 0.654 
Au 3+ +2e-  Au + 1.36 
Au + + e-  Au  1.83 
Au 3+ + 3e-  Au  1.52 
AuBr 4
- + 3e-  Au + 4Br - 0.854 
AuCl 4
- + 3e-  Au + 4Cl - 1.002 
Fe3+ + e-  Fe2+ 0.771 
Fe2+ + 2e-  Fe -0.447 
Fe3+ + 3e-  Fe -0.037 
Cu+ + e-  Cu 0.521 
Cu2+ + e-  Cu+ 0.153 
O2 + 4H
+ + 4e-  2H2O 1.229 
O2+ 2H2O + 4e
-  4OH- 0.401 
H2O2 + 2e
-  2OH- 0.867 
H2O2 + 2H
+ + 2e-  2H2O 1.763 
 
Table 3.  Standard potentials of redox pairs involved in oxidative etching.  
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1.3 Fabrication and Property of Metal Nanoparticle Assemblies 
When metal nanoparticles are brought close enough, their near field would interact with each 
other, resulting in coupled plasmonic properties usually quite different from individual 
nanoparticles.83, 84 Therefore, the fabrication of metal nanoparticle assemblies offers another 
route to make nanomaterials with interesting optical and spectroscopic properties. General 
procedure to fabricate metal nanoparticle assemblies involves: 1) synthesis of metal nanoparticle 
building blocks 2) controlled assembly of metal nanoparticles.85 And sometimes this is followed by 
separation process such as density gradient centrifugation or gel electrophoresis to achieve 
samples with different number of nanoparticles in individual assemblies.85 There're two general 
ways to assembly metal nanoparticles: templated assembly or self assembly. Templated 
assemblies rely on pre-made template with specific geometry and assemble the nanoparticles 
onto the surface of the template by chemical bonding86, 87 or electrostatic attraction.86, 88 Self 
assembly of metal nanoparticles, on the other hand, requires careful control of the interaction 
between nanoparticle-nanoparticle and nanoparticle-solvent, usually in existence of polymer 
additives.89-91 Due to their capability to concentrate electric field at the nanoparticle junctions, 
metal nanoparticle clusters is widely used as surface enhanced Raman scattering (SERS) 
substrate.88, 92 
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1.4 Finite-Difference Time-Domain (FDTD) Simulation  
    For non-spherical nanoparticles, numerical methods such as discrete dipole approximation 
(DDA) or finite-difference time-domain (FDTD) simulation would provide approximate while 
accurate enough information about the scattering field of the nanoparticles. Discrete dipole 
approximation (DDA) is modeled in the frequency domain whereas finite-difference time-domain 
simulation (FDTD) is modeled in time domain and transformed into frequency domain via Fourier 
transform. 
1.4.1 Standard Yee-cell FDTD Algorithm  
In Maxwell's equation, when J is zero, which is the real case in most metal nanoparticle systems, 
three scalar equations can be obtained from one vector curl equation: 
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The simulation box is sliced into N3 small simulation box as follows: 
 
For each simulation box at (i, j, k), E and H can be determined by those at previous time and 
coordinates by finite differences.  
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Therefore, the future components of E and H can be described in terms of the past components, 
as follows: 
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The electric and magnetic field at all space inside of the simulation region at different time can be 
calculated consequently and then transfer from time domain into frequency domain via Fourier 
transform.  
 
1.4.2 Simulation Set-up 93 
1.4.2.1 Boundary conditions 
     The three-dimensional problem space is truncated by absorbing boundaries. Most popular 
absorbing boundary is Perfectly Matched layers (PML), which absorb electromagnetic energy 
incident upon them with minimal reflections by adding an artificial "PML" material to the edge of 
the simulation region. The absorbing efficiency of PML is dependent on the angle of the incident 
radiation. It's most effective at normal incidence, but can have significant reflection at grazing 
incidence. Any reflection from the boundary condition will re-enter the simulation volume and 
interfere with the fields that still exist in the main simulation volume. This would introduce error 
into the simulation result. Increasing the number of the PML layer would decrease the amount of 
reflection, but increase the amount of simulation time at the same time. The defaulted number of 
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PML layers is 16 in the Lumerical solution package, with a defaulted minimum and maximum 
number of PML layers of 12 and 64, respectively. Moreover, the boundary of the PML layer 
should be far enough to the plane wave source to avoid artificial loss between the evanescent 
wave source and the PML layer. Or in other words, the FDTD simulation region need to be big 
enough to avoid artifacts in simulation result. In practice, suggested ways to tell whether the 
boundary condition is satisfied or not are to change simulation region size or to try different 
number of PML layers. If changing these parameters leads to similar results, it's quite likely that 
the boundary condition is satisfied. The other way is to watch directly how the incident 
electromagnetic wave decays by setting up a movie monitor to guarantee that no direct reflection 
in the boundaries.  
1.4.2.2 Total-field scattered-field (TFSF) plane wa ve source 
  The total-field scattered-field (TFSF) plane wave source was designed primarily for particle 
scattering simulation. It separates the computation region into two distinct regions: 1) total field 
region which includes the sum of the incident field wave plus the scattered field, which is inside of 
the TFSF plane wave source; 2) scattered field region which includes only the scattered field and 
this is outside of the TFSF plane wave source. The TFSF source injects a plane wave from one 
side of the source, and when it arrives at one of the boundaries of the source, the source will 
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subtract the same plane wave. Therefore, only scattered light can propagate outside of the TFSF 
source.  
    Two conditions need to be satisfied when setting up TFSF source for the simulation: 
  1) The object must be completely inside of the TFSF source. 
  2) All sides of the TFSF source must experience the same refractive index profile perpendicular 
to the propagation direction.   
1.4.2.3 Mesh Refinement 
   When solving Maxwell's equation on a finite mesh, one major source of error is numerical errors 
associated with finite mesh size. This is because the speed of light on a finite mesh is not 
necessarily the same as in real space, but depends on dx, dy, dz and dt, especially in interfaces 
of materials with different reflective index. One solution for this is to use mesh override regions to 
force a very small spatial mesh near interfaces. However, this would significantly increase the 
simulation time and memory requirement. The other suggested solution is to use conformal mesh 
technology (CMT), which uses a rigorous physical description of Maxwell's integral equations 
near interfaces between two materials. In general, this method provides greater accuracy and 
saves more time for a given mesh size. However, usually careful convergent test is required to 
make sure the chosen mesh refinement method is acceptable. 
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1.5 Application of Metal Nanoparticle and Nanoparti cle Assemblies 
1.5.1 Localized Surface Plasmon Resonance (LSPR) Se nsing 
    The LSPR sensitivity of metal nanoparticles to the refractive index change of their vicinity can 
be used in LSPR sensing such as refractive index sensing or molecular sensing. Refractive index 
sensing refers to the LSPR sensing due to bulk refractive index change. For example, Mayer et al 
fabricated a LSPR sensor using gold nanorod film substrate with a sensitivity as high as 170 
nm/RIU and a FOM of 1.3 in solvent with different refractive index.94 Molecular sensing refers to 
the LSPR sensing due to localized refractive index change resulting from molecular interaction 
near the nanoparticle surface.10 For example, researchers has measured the LSPR shift of silver 
triangles prepared by nanosphere lithography upon absorption of self-assembled monolayer 
(SAM) of alkane thiols with different length.95 And it showed a linear relationship between LSPR 
peak wavelength and alkane thiol chain length up to 3 nm.95 The other important application is 
sensing biological molecules and their absorption/desorption kinetics on surfaces. Haes et al 
described the first example using LSPR molecular sensing for clinical diagnosis.96 The LSPR of 
silver triangles fabricated by nanosphere lithography was used to monitor the absorption of 
amyloid-β derived diffusible ligands (ADDLs) and its interaction with specific anti-ADDL 
antibodies via a sandwich assay. This LSPR molecular sensor provides useful information for 
diagnosing Alzheimer’s disease.96 It’s worth mentioning that the thickness of the capture layers 
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should be within 20 nm to the surface of the nanoparticles in order to maintain observable LSPR 
shift.10 
1.5.2 Surface Enhanced Raman Scattering Sensing 
    Surface enhanced Raman scattering is a surface-sensitive technique that results in significant 
enhancement in Raman scattering by molecules adsorbed on rough metal surfaces. The 
enhancement factor can be as high as 1011 which makes the detection of single molecule Raman 
scattering possible.97 Two accepted mechanisms for surface enhanced Raman scattering are 
electromagnetic enhancement98 and chemical enhancement99, with the former the dominant 
factor. Electromagnetic enhancement arises from the enhanced electromagnetic field on the 
surface of metal nanoparticles due to surface plasmon resonance. And maximum single molecule 
enhancement factor through electromagnetic field can be as high as 1010~1011.97 Chemical 
enhancement involves charge transfer between the chemisorbed species and the metal surface 
and contribute about a enhancement factor of 5~10.100 
    Gold and silver nanoparticles have localized surface plasmon resonance in the Vis-NIR region 
and  are air-stable, therefore they are widely used as SERS substrate. An ideal Raman substrate 
would provide high enhancement factor and reproducible Raman signal intensity. Gold and silver 
nanoparticles of various shapes and geometries has been investigated as efficient Raman 
 
38 
 
substrate, such as silver nanocages,101 DNA-tailorable gold nanoparticle with nanometer gaps,102 
spiky gold nanoshells,103 shell-isolated nanoparticle-enhanced Raman spectroscopy 
(SHINERS),104 Au@Ag nanosphell dimer or trimers,92 glass-coated gold nanoparticle dimer or 
trimers,105 gold nanorod assemblies,106 nanosphere arrays,107 silver film over spheres,108 and 
silver nanowire bundles109.  A few exciting applications for SERS includes biosensors110-112,  
detection of chemical warfare agents related to homeland security113, and 
spectroelectrochemistry 100, 114. For example,  Ma et al110 was able to measure the concentration 
of blood glucose in the interstitial fluid of rats using silver film over nanosphere (AgFON) sustrate 
accurately and consistently. Kneipp et al. developed a biocompatible nanosensor based on 
surface enhanced Raman scattering of 4-mercaptobenzoic acid on gold nanoparticle aggregates  
which can probe and image the pH values in live cells from pH 6.8 to pH 5.4.112 Paxton et al. 
used surface-enhanced Raman spectroscopy to monitor the oxidation state change of a self-
assembled monolayer (SAM) of a tetrathiafulvalence (TTF) derivative on a gold film-over-
nanosphere electrode.114 This approach using a combination of SERS and electrochemistry 
allows the chemical interrogations of molecular information in working metal electrodes. 
 
1.6 Metamaterials 
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     Metamaterials are artificial engineered materials exhibiting unusual properties that cannot be 
found in nature.115 They are usually composed of densely-packed sub-wavelength building 
blocks.116 The physical property of metamaterials relies not only on their chemical composition, 
but more importantly their shape, geometry, size, orientation and arrangement.115 One of the 
most well-known class of metamaterials is negative index materials (NIMs), or double-negative 
(DNG) materials, which has negative real parts of both permittivity εr and permeability µr at the 
same electromagnetic frequency, and consequently negative refractive index n as given by the 
following relationship which represents the refractive index in a homogeneous, isotropic medium 
without magnetoelectric coupling117: 
 
(n is positive if both εr and µr are positive and n is negative if both εr and µr are negative) 
   The way light interacts with NIMs is quite different from that of common double positive (DPS) 
materials. As shown in Figure 1.3, the reflected light and incident light would be on the opposite 
side of the normal when the incident light goes into DPS from DPS. Both the power flow and 
phase flow are along the light propagation direction. However, when incident light goes into NIW 
from DPS, the reflected light is on the same side of the normal as that of the incident light. The 
ε µ= = ± r r
c
n
v
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power flow is along with the light propagation direction whereas the phase flow is opposite to the 
light propagation direction.  
 
 
Figure 1.3  Reflections, refractions, and power transfer when a double-positive (DPS) material 
(x<0) and a negative index materials (NIMs) (x>0) was excited by a light source from the bottom. 
Adapted from reference 115. 
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Last decades has seen a tremendous increase in the operating frequency of NIWs, as shown 
in Figure 1.4.116 One of the very impressive features of NIWs is the possibility of making a flat 
lens with sub-wavelength resolution. As shown in Figure 1.5, a slab of metamaterials with a 
permittivity εr and permeability µr both close to -1 is put in vacuum (n=1) with an object. By 
coupling to the near field of the object, the outer image contains all sub-wavelength information 
about the object, which is usually lost by conventional lenses. The other very important 
application of metamaterials is plasmonic cloaking, that is, to suppress the scattering from an 
arbitrary object (either dielectric or conducting object) by covering it with a metamaterial. By 
carefully tuning the electromagnetic property of the metamaterial, the scattering field of the object 
can be canceled based on destructive interference at all angles, causing invisibility.118 Currently, 
the major techniques to fabricate metamaterials with repeating substructures are lithographic 
techniques such as stacked electron-beam lithography, direct laser writing, or membrane 
projection lithography.116 Recently, there’s an emergent trend on fabricating metamaterials using 
colloidal assembly method, which is more cost-effective compared to lithographic method.119, 120 
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Figure 1.4  Progress in metamaterial operating frequency over the past decade. The operating 
frequency of metamaterials with negative magnetic permeability µ (empty triangles) and negative 
index of refraction n (solid triangles) is shown on a logarithmic scale ranging from microwave to 
visible wavelengths. Orange: structures based on double SRRs; green: U-shaped SRRs; blue: 
metallic cut-wire pairs; red: negative-index double-fishnet structures. The four insets show optical 
or electron micrographs of the four types of structure. Figure adapted from reference 116.  
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Figure 1.5  Scheme of a lens made of NIWs: light from a point source is refracted at the 
boundaries to generate two images. The separation of object and image is twice the width of the 
lens (x + y = d). 
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1.7 Thesis Overview 
Controlled synthesis of metal nanoparticles and nanoparticle assemblies would lead to 
nanostructures with interesting optical properties. Here new methods to synthesize novel 
nanoparticle and nanoparticle assemblies are described and their optical properties were 
investigated by spectroscopic techniques and finite-difference time-domain simulation.  
Chapter 1 gives a comprehensive summary on the synthesis, optical properties and 
applications of metal nanoparticles and assemblies as well as in-depth introduction about finite-
difference time domain method.   
Chapter 2 describes the high-yield synthesis of ultrathin gold/silver nanowires and sub-50 nm 
gold triangular nanoprisms by adopting silver seeds and benzyl dimethyl hexadecyl ammonium 
chloride (BDAC) in a seed-mediated growth method. Silver seeds and BDAC surfactant were 
found to be critical in the formation of the ultrathin nanowires and triangular nanoprisms. Their 
roles were discussed thoroughly and corresponding growth mechanism was provided. 
Chapter 3 presented a templated surfactant-assisted seed growth method to synthesize gold 
nanoshells with varying surface topographies and investigation of their far-field optical property 
via FDTD simulation.  
In Chapter 4, isotropic shell-type gold nanoparticle clusters, or raspberry-like meta-molecules 
(raspberry-MMs), were successfully synthesized. The raspberry-MMs exhibited unusually strong 
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magnetic resonances, yielding broad SPR bands in the visible and near-IR region. The strong 
magnetic response was verified both experimentally and by finite-difference time-domain (FDTD) 
simulations.  
Chapter 5 investigated the near-field properties of single raspberry-MMs and raspberry-MM 
dimers. Individual raspberry-MMs are proved to be efficient Raman substrates. More interestingly, 
the Raman signal intensity on raspberry-MM dimers exhibited quite narrow distribution and is 
weakly dependent on the distance between the two raspberry-MMs. The electric field intensity on 
single raspberry-MM and dimers were calculated and mechanism insight was provided. 
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2. Silver Seeds and Aromatic Surfactants Facilitate  the Growth of Anisotropic Metal 
Nanoparticles: Gold Triangular Nanoprisms and Ultra thin Nanowires 1 
 
Here, I report the introduction of silver seeds can lead to fast and high yield syntheses of two 
highly anisotropic metal nanoparticles: triangular gold nanoprisms and ultrathin nanowires. 
Uniform sub-50 nm gold triangular nanoprisms were formed in high yields when silver seeds were 
introduced to the growth solution containing a small amount of silver ions and an aromatic 
surfactant, benzyl dimethyl hexadecyl ammonium chloride (BDAC). At high silver ion 
concentrations, ultrathin nanowires with the diameter of 1.6 nm were formed in nearly 100% yield. 
I believe that the use of labile silver seeds in combination with aromatic surfactants can open up 
new possibilities for the shape control of metal nanoparticles. 
1Reproduced in part with permission from Zhaoxia Qian and So-Jung Park. Silver Seeds and 
Aromatic Surfactants Facilitate the Growth of Anisotropic Metal Nanoparticles: Gold Triangular 
Nanoprisms and Ultrathin Nanowires. Chem. Mater., 2014, 26, 6172–6177. Copyright 2014 
American Chemical Society. 
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2.1 Introduction 
    Seed-mediated growth method1-3 has been demonstrated to be a powerful synthetic route to 
generate a range of different types of metal nanoparticles.4-6 This method separates the 
nucleation and growth stage of nanoparticle syntheses by introducing pre-synthesized small seed 
particles into a growth solution typically containing a metal precursor, reducing agent, surfactants, 
and some additives. It has been shown that various shapes of gold and silver nanoparticles (e.g., 
rods, spheres, cubes, octahedra) can be synthesized using the method, depending on the type of 
surfactants and ionic additives (e.g., silver ions, halides, hydroxide) in the growth solution.4, 6, 7           
    Herein, we report that the introduction of silver seeds can lead to fast and high yield syntheses 
of two highly anisotropic metal nanoparticles: ultrathin metal nanowires and triangular gold 
nanoprisms. Ultrathin metal nanowires are of great interest owing to their unusual transport 
properties and potential applications in electronics.8-10 Triangular nanoprisms have also attracted 
a great deal of attention for their tunable surface plasmon resonance (SPR) and field 
enhancement at sharp corners.11-14 Here, we show that such low-dimensional nanoparticles can 
be readily synthesized in high yields by adopting silver seed particles in combination with an 
aromatic surfactant, benzyl dimethyl hexadecyl ammonium chloride (BDAC) in the growth 
solution. While there have been numerous studies on the effect of various ionic additives and 
surfactants in the growth solution, little is known about how the composition of seed particles 
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influences the growth of metal nanoparticles and how it can be used to control the shape of 
nanoparticles. While there is a few high yield synthetic methods for gold triangular nanoprisms,14-
17 it is much more difficult to synthesize gold triangular nanoprisms with an equally high yield as 
silver nanoprisms.11, 18, 19 As for the nanowires, while ultrathin metal nanowires have been 
synthesized by several different methods,20-27 a majority of them rely on slow processes with 
some taking a few days. Here, we found that the growth of nanowires is almost instantaneous 
with the use of silver seed particles and BDAC. 
 
2.2 Materials and Methods 
2.2.1 Syntheses of Triangular Nanoprisms and Ultrat hin Metallic Nanowires using Silver 
Seeds. Gold triangular nanoprisms and ultrathin gold nanowires were synthesized by the seed-
mediated growth method. All chemicals were purchased from the Sigma-Aldrich. Ultrapure water 
(18.2 MΩ) was used for all syntheses. Typically, Ag seeds were synthesized by mixing 4.75 mL of 
0.1 M benzyl dimethyl hexadecyl ammonium chloride (BDAC) and 200 µL of 0.01 M AgNO3 in a 
15 mL aluminum-foil-wrapped plastic tube at 30 oC, followed by a quick injection of 600 µL of 0.01 
M ice-cold fresh NaBH4 solution. The solution was gently mixed and left undisturbed at 30 
oC for 
2.5 hrs and used immediately without further aging. For triangular nanoprisms, the growth 
solution was prepared by mixing aqueous solutions of BDAC (0.1 M, 10 mL), HAuCl4 (0.01 M, 
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421 µL), AgNO3 (0.01 M, 64 µL) and ascorbic acid (0.1 M, 67 µL) sequentially in a 20 mL glass 
vial.  The growth solution was left at 30 oC water bath for 5 minutes.  Silver seed solution (50~300 
µL) was injected into 10 mL growth solution with vigorous stirring. After stirring for 10s, the 
solution was left undisturbed at 30 oC water bath for 2 hrs.  Most uniform particles were obtained 
when 150 µL of seed solution was mixed with 10 mL of growth solution. For ultrathin metallic 
nanowire syntheses, the growth solution was prepared by mixing aqueous solutions of BDAC 
(0.1M, 10 mL), HAuCl4 (0.01M, 421µL), AgNO3 (0.01M, 512 µL), and ascorbic acid (0.1 M, 268 
µL) sequentially at 30 oC in a 20 mL glass vial. After five minutes, 150 µL of silver seed solution 
was added into 10 mL growth solution with stirring (10 sec). Then, the solution was left 
undisturbed for one hour at 30 oC.  The solution became milky upon mixing the seed and the 
growth solution, indicating the formation of AgCl particles. The solution became clear over time as 
silver ions were consumed in the reaction. Samples were then centrifuged at 14,000 rpm for 20 
min to remove excess amount of surfactants, and redispersed in water for characterization. 
2.2.2 Synthesis of Ultrathin Metallic Nanowires usi ng Gold Seeds. Typically, Au seeds were 
synthesized by mixing 4.75 mL of  0.1 M BDAC and 200 µL of 0.01 M HAuCl4 in a 15 mL plastic 
tube at 30 oC, followed by the quick injection of 600 µL of 0.01 M ice-cold fresh NaBH4 solution. 
After gentle shaking, the seed solution was left undisturbed at 30 oC for 2.5 hrs and used without 
further aging. For ultrathin Au nanowire syntheses, the growth solution was prepared by mixing 
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aqueous solutions of BDAC (0.1 M, 10.0 mL), HAuCl4 (0.01 M, 421 µL), AgNO3 (0.01 M, 512 µL), 
and ascorbic acid (0.1 M, 67 µL).  The prepared seed solution (37.5 µL) was added into the 
growth solution, followed by vigorous stirring for 10s. The solution became milky upon mixing the 
seed and the growth solution, indicating the formation of AgCl particles. The solution became 
clear over time as silver ions were consumed in the reaction. The solution was left undisturbed for 
2 hours at 30 oC. Synthesized particles were then centrifuged at 14,000 rpm for 20 min and 
redispersed in water.  
2.2.3 Synthesis of Quasi-spherical Gold Nanoparticl es. The silver seed solution was prepared 
as described above and used immediately after aging for 2.5 hours. The growth solution was 
prepared by mixing aqueous solutions of BDAC (0.1M, 5 mL), HAuCl4 (0.01M, 210.5 µL), sodium 
citrate (0.1M, 3.2 µL) and ascorbic acid (0.1 M, 33.5µL) sequentially in a 20 mL glass vial. The 
growth solution was left at 30oC water bath for 5 minutes. Then 150 µL of silver seed was injected 
into 10 mL growth solution with vigorous stirring. Synthesized particles were then centrifuged at 
14,000 rpm for 20 min and redispersed in water.  
2.2.4 Characterization. Transmission electron microscope (TEM) images were taken with a 
JEOL TEM-2100 operating at 200 kV accelerating voltage. Energy dispersive spectra (EDS) were 
taken with a JEOL TEM-2010F at 200 kV accelerating voltage. Atomic force microscope (AFM) 
images were taken with a Bruker Dimension Icon AFM with NANOSENSORS™ PPP-NCL 
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AFM probes at tapping mode. Extinction spectra were measured with an Agilent 8453 UV-visible 
spectrophotometer. The gold and silver mol percentages were determined by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) (Spectro Genesis). Samples for ICP-AES 
measurement were prepared as follows: 2 mL of as-synthesized triangular nanoprisms or 
ultrathin nanowires were centrifuged at 14,000 rpm for 20 min, and resuspended in 200 µL of 
water. The samples were transferred to 20 mL scintillation vials and dried in a vacuum oven at 
60oC for 3hrs.  They were then placed in an oven at 400 oC for 2 hrs in air in order to burn out 
organic components.  Subsequently, each sample was digested in 1.0 mL of fresh aqua regia for 
5 min and diluted to 10 mL with water.  The concentrations of gold and silver were determined 
based on a standard curve generated by silver and gold standard solutions purchased from 
Sigma-Aldrich.  
 
2.3 Results and Discussion 
2.3.1 Synthesis of triangular nanoprisms and ultrat hin nanowires 
   To investigate how the type of seed particles affect the seed-mediated metal growth, gold or 
silver seed particles were first prepared using sodium borohydride as a reducing agent and 
benzyl dimethyl hexadecyl ammonium chloride (BDAC) as a surfactant.  The sizes of gold and 
silver seed particles were determined to be 2.5 ± 0.6 nm and 3.6 ± 1.8 nm, respectively (Figure 
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2.1, 2.2, 2.3). Subsequently, 37.5 µL to 300 µL of seed solution was added into a 10 mL of growth 
solution containing BDAC, HAuCl4, AgNO3 and ascorbic acid. The reaction was completed within 
an hour, and synthesized particles were characterized by transmission electron microscopy 
(TEM). 
   Figure 2.4 presents TEM images of nanoparticles synthesized with silver seed particles and 
varying amount of silver nitrate in the growth solution. In the absence of silver nitrate, quasi-
spherical particles with an average diameter of 19.0 ± 2.2 nm were formed (Figure 2.4B, Figure 
2.A1). The particles show an SPR band position at 530 nm (Figure 2.4G, black), indicating that 
the particles synthesized in this condition is not completely spherical.28 When a small amount of 
silver nitrate was added in the growth solution ([AgNO3]/[HAuCl4] ratio of 0.15), triangular prisms 
and truncated prisms (about 50%) were formed in high yields as shown in Figure 2.4C. The edge 
length and the height of triangular prisms were measured to be 33.5 ± 3.3 nm (Figure 2.4E, red) 
and 5.4 ± 0.8 nm (Figure 2.4F), respectively. The edge length was controllable from 23 nm to 46 
nm by varying the ratio between the seed and the growth solution (Figure 2.5) or by using small 
triangular prisms as seed particles (Figure 2.6), while the height of the triangular nanoprisms 
remained almost constant in the series of different synthetic conditions (Figure 2.7). 
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Figure 2.1. A TEM image (left) and size distribution histogram (right) of gold seeds. The average 
diameter of gold seeds was 2.5 ± 0.6 nm. 
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Figure 2.2.  A TEM image (left) and size distribution histogram (right) of silver seeds. Average 
diameter of silver seeds was 3.6 ± 1.8 nm.   
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Figure 2.3.  Crystallinity of gold and silver seed particles. (A-B) Histogram showing the distribution 
of crystallinity (SC: single crystalline, MT: multiply twined, ST: singly twined) of gold seeds (A) 
and silver seeds (B). (C-E) TEM images of a typical single-crystalline gold seed (C), a multiply 
twined gold seed (D), and a singly twined gold seed (E). (F-H) TEM images of a typical single-
crystalline silver seed (F), a multiply twined silver seed (G), and a singly twined silver seed (H).  
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Figure 2.4 . (A) Pictorial description showing the shape of nanoparticles synthesized by the seed-
growth method using silver seed particles and BDAC.  The shape evolved from quasi-spheres to 
triangular nanoprisms and ultrathin nanowires as increasing the concentration of AgNO3 in the 
growth solution.  The [AgNO3]/[HAuCl4] ratio in the growth solution was 0, 0.15, 1.2 for quasi-
spheres, triangles and nanowires, respectively; the volume of 0.01M AgNO3 added to 10 mL of 
growth solution was 0 µL for quasi-spheres, 64 µL for triangular nanoprisms, and 512 µL for 
nanowires.  In all cases, 150 µL of seed solution was mixed with 10 mL of growth solution. (B-D) 
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TEM images of quasi-spheres (B), triangular nanoprisms (C) and ultrathin nanowires (D). Insets 
are pictures of corresponding solutions. (E) The size histogram of quasi-spheres (black, 
diameter), triangular nanoprisms (red, edge length) and ultrathin nanowires (blue, diameter). (F) 
AFM image and height profile of triangular nanoprisms shown in (C). (G) UV-Vis spectra of quasi-
spheres (black), triangular nanoprisms (red) and ultrathin nanowires (blue). 
 
 
Figure 2.5.  (A-C) TEM images of triangular nanoprisms with different edge lengths synthesized 
by using different volume of seed solution while keep all the other conditions the same. For 1 mL 
of growth solution, (A) 30 µL (B) 15 µL (C) 5 µLof silver seed solution was used. The average 
edge length of the triangular prisms was determined to be 23.4 ± 2.1 nm (A), 33.5 ± 3.3 nm (B) 
and 45.7 ± 4.1 nm (C). (D) UV-Vis spectra of samples in A (black), B (red) and C (blue). (E) Size 
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distribution histogram of the edge length of the triangular nanoprisms in A (black), B (red) and C 
(blue). 
 
 
 
Figure 2.6.  Control of nanoprism edge lengths by the serial growth. (A) A TEM image of 
triangular nanoprisms used as seeds for the serial growth. The seed particles were washed by 
centrifugation at 14000 rpm for 30 min prior to use. (B) A TEM image of nanoparticles 
synthesized by mixing 100 µL seed solution in (A) and 200 µL growth solution. (C) A TEM image 
of nanoparticles synthesized by mixing 100 µL seed solution in (A) and 500 µL growth solution.  
(D) Extinction spectra of samples in (A-C). 
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Figure 2.7.  AFM images of triangular nanoprisms with different edge length synthesized by using 
different amount of seeds while keep all other conditions the same. For 10 mL of growth solution, 
300 µL and 100 µL of seed solutions were used for samples shown in (A) and (B). The average 
heights of the triangular nanoprisms were 5.1 ± 0.5 nm (A) and 5.4 ± 1.2 nm (B), respectively. 
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 The silver mole percentage in triangular nanoprisms was determined to be 5% and 4% by 
EDS (Figure 2.8) and ICP-AES, respectively, indicating that the triangular nanoprisms are made 
of mainly gold. The extinction spectra of the triangular nanoprisms exhibited a dominant SPR 
peak at 750 nm (Figure 2.4G, red), which is assigned to in-plane dipole resonance. The main 
peak position of calculated spectra of snipped triangular gold nanoprisms with the dimension from 
the TEM analyses matches well with the experimentally obtained extinction spectra (Figure 2.9), 
supporting that the triangular nanoprisms are made of gold.  The weak peak at 534 nm was 
assigned to the small amount of polyhedron (decahedron and icosahedron) shape particles 
formed along with triangles (~15 %, Figure 2.A2).  
 When [AgNO3]/[HAuCl4] ratio in the growth solution was increased to 1.2, extremely uniform 
ultrathin nanowires were formed as shown in Figure 2.4D. The silver mole percentage in the 
ultrathin nanowires was determined to be 21% and 14% by energy dispersive spectroscopy 
(EDS) (Figure 2.8) and ICP-AES, respectively. The nanowires had a uniform diameter of 1.6 nm 
and can grow up to several micrometers in length (Figure 2.A3). 
The data presented in Figure 2.4 clearly show that silver ions in the growth solution play an 
important role for the formation of highly anisotropic particles of triangles and wires, presumably 
through underpotential deposition (UPD)29, 30 of silver on selective facets, which is shown to 
influence the growth rate of certain facets and consequently the shape of nanoparticles (vide 
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infra). The silver percentages in both structures are consistent with the model of gold core 
covered with a sub-monolayer of silver (Appendix 2.6.2). The type of halides in the growth 
solution was also important in regulating the shape of particles. The addition of bromide or iodide 
to the typical growth solution for triangular nanoprisms significantly reduced the yield of 
nanoprisms (Figure 2.A4). Similarly, the addition of bromide or iodide in a typical nanowire growth 
solution generated triangles and spheres instead of wires (Figure 2.A5). These results are 
consistent with previous reports showing that the introduction of bromide and iodide ions can 
affect the shape of nanoparticles in silver-assisted seed-growth methods.5, 7, 30, 31 
   To investigate the role of silver seed particles for the formation of anisotropic particles, the 
same set of syntheses was carried out with commonly used gold seeds instead of silver seeds. 
Figure 2.10 presents TEM images and extinction spectra of nanoparticles synthesized with gold 
seeds and varying amounts of silver nitrate. In the absence of silver nitrate, spherical gold 
nanoparticles (Figure 2.10A) with a diameter of 40.9 ± 2.6 nm and an SPR band at 526 nm 
(Figure 2.10E, black) were synthesized.28 At an intermediate silver nitrate concentration 
([AgNO3]/[HAuCl4] ratio of 0.15), small spheres were primarily formed along with a small amount 
of rods and triangles (Figure 2.10B, Figure 2.A6), which is also evident in the extinction spectra 
(Figure 2.10E). Note that, for silver seeds, triangular nanoprisms were formed at the same 
condition (Figure 2.4C). At a higher [AgNO3]/[HAuCl4] ratio of 1.2, ultrathin nanowires were 
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formed, similarly to the synthesis with silver seed particles (Figure 2.4C).  The silver mole 
percentage in the ultrathin nanowires was determined to be 21% and 20% by EDS (Figure 2.A7) 
and ICP-AES, respectively, which is similar to the silver content found in nanowires synthesized 
with silver seeds.  
 
 
 
Figure 2.8.  EDS spectra of triangular nanoprisms (black) and ultrathin nanowires (red) 
synthesized by using silver seeds. 
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Figure 2.9.  FDTD simulation of triangular nanoprisms. (A) Calculated extinction spectra of typical 
triangular nanoprisms with an edge length of 33 nm and a height of 5 nm under different 
polarization and propagation direction of incident plane wave (black curve: propagation along z 
direction, polarization along x direction; red curve: propagation along z direction, polarization 
along y direction; blue curve: propagation along x direction, polarization along z direction). (B) 
Calculated extinction spectra of triangular nanoprisms with different extent of snip at the three 
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corners (black: 2 nm snip, red: 4 nm snip, blue: 6 nm snip). The spectra in (B) were for the 
propagation along the z direction and the polarization along the x direction. An experimental 
spectrum is plotted in green for comparison. 
 
Figure 2.10.  Nanoparticles synthesized by the seed-growth method using gold seed particles and 
BDAC. (A-C) TEM images of nanoparticles formed at the [AgNO3]/[HAuCl4] ratio of 0 (A), 0.15 
(B), 1.2 (C); the volume of 0.01M AgNO3 solution added to 10 mL growth solution was 0 µL (A), 
64 µL (B), and 512 µL (C), respectively. In these syntheses, 37.5 µL of seed solution was mixed 
with 10 mL growth solution. (D) Illustration showing the shape of nanoparticles synthesized from 
gold seed particles at different silver ion concentration. (E) Extinction spectra of nanoparticles 
shown in (A) (black), (B) (red), and (C) (blue). 
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Figure 2.11.  (A-B) Histogram showing the distribution of crystallinity (SC: single crystalline, MT: 
multiply twined, ST: singly twined) of gold seeds (A) and silver seeds (B). (C) A high magnification 
TEM image showing triangular nanoprisms with a small dot inside (indicated by red arrows). (D) A 
HAADF image showing a triangular nanoprism with a small dark dot inside (indicated by the red 
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arrow) (E) EDS intensity line profile for Au Mα(black curve) and Ag Lα(red curve) peaks along the 
yellow dashed line in the HAADF image on the right. The scanning direction is from right to left. 
     
    The data presented in Figure 2.4 and 2.10 reveal that silver seeds play an important role for 
the high yield formation of anisotropic triangular nanoprisms. This result was unexpected as silver 
seeds have a larger size distribution than gold seeds (Figure 2.1, 2.2), and the crystallinity of the 
two types of seeds was similar as shown in Figure 2.11 A-B.  A small light dot was observed in 
almost every triangular nanoprism in TEM images, indicating the position of silver seed particles. 
(Figure 2.11C, Figure 2.A8). Similar light dot features were observed in a previous study on the 
syntheses of gold nanospheres from small silver seeds.32 The dot area in triangular nanoprisms 
appeared dark in high angle annular dark field (HAADF) images (Figure 2.11D, Figure 2.A9), as 
expected. EDS line scan across the dot showed an increase in the silver content and a decrease 
of gold content in the dot area. (Figure 2.11E, Figure 2.A10), which indicates that the initial silver 
seeds are not completely consumed during the reaction.33  
 We attribute the growth of triangles from silver seeds to the relatively more reactive nature of 
silver compared to gold.  In general, silver is more prone to atomic rearrangement than gold due 
to the relatively lower bond energy compared to gold.  Also, silver seeds are relatively more 
 
77 
 
reactive than gold seeds, and they can undergo structure reconfiguration and repopulation 
through various mechanisms such as oxidative etching.34-36 In our synthesis, an additional 
reaction of galvanic replacement can occur between silver seeds and gold complexes upon 
mixing the seeds and the growth solution.37, 38  The galvanic replacement reaction39 can provide a 
mechanism for atomic rearrangements and facilitate the structure evolution of seeds into planar 
twined Ag/Au particles covered with thermodynamically stable (111) facets36, 40 (Scheme 2).  This 
intermediate structure can grow into thin triangular nanoprisms in the presence of silver nitrate 
through silver UPD on (111) facets41, which slows down the growth of (111) facets (Scheme 2). 
The silver ions released from the galvanic replacement reaction can also contribute to the 
stabilization of (111) facets of the initially formed Ag/Au particles, as shown in a previous report.37 
Gold seeds, on the other hand, generate a mixture of nanoparticles with different shapes due to 
the lack of shape reconfiguration mechanism. It is worth noting that the quasi-spherical gold 
particles formed from silver seeds and silver-free growth solution shows very little defects (Figure 
2.4B), while gold spheres made from gold seeds at the same condition show many defect-
induced contrasts (Figure 2.10A). These observations support that silver seed particles can 
evolve into more stable particles with less defects.  Other possible reactions such as oxidative 
etching of silver by dissolved oxygen can contribute to the defect reduction.42  However, etching 
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by oxygen did not appear to be the main driving force, as the purging of the reaction media with 
nitrogen or oxygen gas did not make significant differences in final products (Figure 2.A11). 
 
 
 
Scheme 2.  Schematic description showing how silver seeds and gold seeds grow into 
nanoparticles of different shapes. 
  
While both gold and silver seeds produced ultrathin nanowires of almost identical compositions 
and shapes, the growth kinetics was significantly different (Figure 2.12). TEM imaging at different 
stages of wire growth showed that for silver seeds ultrathin nanowires formed immediately upon 
mixing seeds and the growth solution, and they grew into sub-micrometer length within a minute 
(Figure 2.12A-C).  On the other hand, for gold seeds it took about 10 min for smooth ultrathin 
nanowires to develop (Figure 2.12E).  The relatively slow growth kinetics with gold seeds allowed 
us to follow the growth process of nanowires.  The TEM data presented in Figure 2.12D-F 
suggest that the nanowires grow through the combination of attachment of nanoparticles and 
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surface smoothing and reconstruction.  In the case of silver seeds, the nanowire growth was 
almost instantaneous, and we were not able to catch intermediate stages of the nanowire growth. 
The fast growth kinetics with silver seeds was further verified by the sudden initial jump of the 
extinction in the UV-Vis spectra (Figure 2.12I). While further studies are needed to understand 
the growth mechanism, it is apparent that more reactive silver seeds significantly facilitate the 
growth of highly anisotropic ultrathin nanowires.  
Nanocrystal growth is a complicated process and it is the combination of many ingredients that 
leads to the final shape. It was found that the type of surfactant was critical for the formation of 
highly anisotropic particles formed in this study. While triangular nanoprisms could be generated 
with cetyltrimethyl ammonium chloride (CTAC), the yield of nanoprisms was lower and the size 
distribution was broader with CTAC (Figure 2.13). The use of BDAC was particularly important for 
the formation of nanowires; nanowires were rarely observed in CTAC samples (Figure 2.13).  
When BDAC was replaced with cetyltrimethyl ammonium bromide (CTAB), a mixture of different 
shapes (spheres, rods, etc) were formed instead of triangles or wires presumably due to bromide 
ions interfering with silver UPD (Figure 2.13).  Therefore, it is the combination of two for the 
formation of highly anisotropic nanoparticles reported here. Compared to CTAC and CTAB, which 
have been commonly used in seed-mediated growth method, BDAC has a greater tendency to 
crystallize due to the aromatic head group. Therefore, they can act as a more rigid organic 
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template and promote the anisotropic growth of nanoparticles by slowing down the growth of (111) 
facets. Other factors such as reduction potential of surfactant-metal complexes and the affinity of 
aromatic groups to metal can also impact the growth of nanoparticles. 
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Figure 2.12  (A-F) TEM images showing the growth process of ultrathin nanowires for silver seeds 
(A-C) and gold seeds (D-F). The syntheses using silver seed were carried out at 25oC instead of 
30oC in order to trap the intermediate growth stage. (G-H) Extinction spectra showing the growth 
process for Ag seed particles (G) and Au seed particles (H). (I) Plot of time-dependent maximum 
extinction change for the two syntheses shown in (G) and (H). 
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Figure 2.13. TEM images (A-C, E-G) and corresponding extinction spectra (D, H) of 
nanoparticles synthesized using different surfactants. BDAC-stabilized silver seeds were used for 
all syntheses. Typical growth solution was prepared by mixing 10 mL of 0.1 M CTAC (A-D) or 
CTAB (E-H) solution with 421 µL of 0.01 M HAuCl4, 0.01 M AgNO3 (0 µL for (A, E), 64 µL for (B, 
F) and 512 µL for (C, G)), and 0.1 M ascorbic acid (67 µL for samples (A, E, B, F) and 268 µL for 
sample (C, G)), in that order.  (D, H) UV-Vis spectra of synthesized nanoparticles. Black, red and 
blue lines are for samples (A, E), (B, F) and (C, G), respectively.  
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2.3.2 From Quasi-spherical Nanoparticles to Hexagon al Nanoplates and Triangular 
Nanoprisms  
Typical TEM images and extinction spectrum of quasi-spherical gold nanoparticles (see 
Materials and Methods section for details) are shown in Figure 2.14. The gold nanoparticles are 
used as seed for synthesizing hexagonal nanoplates (Figure 2.15) and triangular nanoprisms 
(Figure 2.16). Detailed recipes are described in Table 4.  
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Figure 2.14.  (A-B) TEM images of quasi-spherical gold nanoparticles synthesized using seed-
mediated method. (C) Extinction spectrum of quasi-spherical Au nanoparticles in (A) and (B). The 
scale bar is 50 nm. 
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Sample 
No. 
0.1M 
BDAC 0.01M HAuCl 4 
0.01M 
AgNO 3 
0.1M 
Ascorbic acid Au seed 
A 5mL 210.5 µL 0 µL 33.5 µL 1333 µL 
B 5mL 210.5 µL 0 µL 33.5 µL 625 µL 
C 5mL 210.5 µL 0 µL 33.5 µL 333 µL 
D 5mL 210.5 µL 32 µL 33.5 µL 333 µL 
E 5mL 210.5 µL 64 µL 33.5 µL 333 µL 
Table 4.  Volume and concentration of chemicals in the growth solution and volume of seed used 
for synthesizing hexagonal nanoplates and triangular nanoprisms. 
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Figure 2.15.  (A, B) Extinction spectra of hexagonal nanoplates synthesized using the recipes 
described in Table 4. (B) represents a zoomed in area of (A). Black curve is the spectrum for the 
quasi-spherical seed nanoparticle, and red, blue and cyan curve corresponds to the spectrum of 
sample A, B, and C in Table 1. (C-E) TEM images of sample A (C), B (D) and C (E) in Table 4. 
Scale bar is 200 nm. The average height of sample C by AFM measurement is 25 nm. 
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Figure 2.16.  (A) Extinction spectra of triangular nanoprisms synthesized using the recipe 
described in Table 4. Black and red curve represents the extinction spectra of sample D and E, 
respectively. (B) TEM images of sample E. Scale bar is 100 nm. 
 
 
    The above results showed that the quasi-spherical gold nanoparticles can grow into hexagonal 
plates in a growth solution without AgNO3 and triangular nanoprisms in a growth solution with 
AgNO3. These results further proved the importance of silver ions in the growth solution in 
determining the morphology of the final products. Further tuning the concentration of silver ions or 
other components such as ascorbic acid and surfactant would probably result in nanoparticles 
with more controllable sizes and shapes. 
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2.4 Conclusions 
   In summary, we report that ultrathin gold/silver nanowires and sub-50 nm gold triangular 
nanoprisms can be readily synthesized by adopting small silver seeds and BDAC in the seed-
growth method.  Large silver particles (over 25 nm) have been actively used for synthesizing 
hollow gold nanostructures such as nanoframes or nanocages.40, 43, 44  Large silver trianglular 
nanoprisms (~50 nm edge length) have been used as a template for the synthesis of gold 
hexagonal bipyraminds.37 However, small silver seed particles have rarely been exploited for 
synthesizing gold nanostructures because the use of gold seeds is a natural choice for making 
gold nanostructures and gold seeds are easier to make in narrow size distribution. Here, we 
demonstrated that small silver seeds are a versatile choice for generating anisotropic gold 
nanostructures, because they can undergo structure evolution through various mechanisms 
including galvanic replacement reaction. The seed shape repopulation along with the structure-
directing ability of silver UPD and BDAC is responsible for the formation of uniform triangular 
nanoprisms synthesized in this study.  These results underscore the importance of chemical 
nature of seeds in controlling the shape of metal nanoparticles in the seed-growth method. We 
also show that silver seeds can significantly speed up the growth rate of ultrathin nanowires. The 
nanowire synthesis reported here is a fast process, taking less than five minutes when silver 
seeds were used for the synthesis.  A majority of existing synthetic procedures for ultrathin 
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nanowires takes much longer time ranging from hours to days because they rely on slow 
processes to ensure the formation of highly anisotropic wires.  The introduction of silver seeds 
and BDAC in the seed-growth method reported here opens a new pathway to high yield 
syntheses of anisotropic metal nanoparticles. 
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2.6 Appendix 
2.6.1 Figures 
 
 
 
 
 
 
 
 
 
Figure 2.A1.  An AFM image and height profile of quasi-spherical nanoparticles synthesized using 
silver seeds and silver-free growth solution. Average height of 34 individual nanoparticles was 
measured to be 19.8 ± 2.3 nm.  
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Figure 2.A2.  Large area TEM images of typical triangular nanoprism samples. The numbers of 
triangular nanoprism, decahedrons and icosahedrons were counted to be 1000, 35 and 50, which 
 
 
correspond to 85%, 3% and 12%. 
determined to be 15.1 ± 2.2 nm.
Figure 2.A3.  TEM images of
conditions described above. These nanowires tend to form bundles with a gap around 2.0 nm 
between adjacent nanowires
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Figure 2.A4.  Effect of halide ions on the formation of triangular nanoprisms using silver seeds. 
(A) UV-Vis spectra of nanoparticles synthesized by adding different amounts of bromide ions into 
the typical growth solution for triangular nanoprisms. (B) A TEM image of nanoparticles 
synthesized by adding 0.5 mM sodium bromide ions into the growth solution. (C) UV-Vis spectra 
of nanoparticles synthesized by adding different amounts of iodide ions into the typical growth 
solution for triangular nanoprisms. (D) A TEM image of nanoparticles synthesized by adding 0.5 
mM sodium iodide into the growth solution of triangular nanoprisms. 
 
101 
 
 
 
Figure 2.A5.  Effect of halide ions on the formation of ultrathin nanowires using silver seeds. (A) 
UV-Vis spectra of nanoparticles synthesized by adding different amounts of bromide ions into the 
typical growth solution for ultrathin nanowires. (B) A TEM image of nanoparticles synthesized by 
adding 0.5 mM sodium bromide into the growth solution of ultrathin nanowires. (C) UV-Vis 
spectra of nanoparticles synthesized by adding different amounts of iodide ions into the typical 
growth solution for ultrathin nanowires. (D) A TEM image of nanoparticles synthesized by adding 
0.5 mM sodium iodide into the growth solution of ultrathin nanowires. 
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Figure 2.A6.  A control experiment carried out to examine the effect of silver ions released from 
silver seeds. (A, B) TEM images and (C) extinction spectra (black curve: sample A, red curve: 
sample B) of nanoparticles prepared from gold seeds and growth solutions containing different 
amounts of silver ions (The volume of 0.01 M AgNO3 solution added into 10 mL of growth solution 
was 64 µL (A) and 69.4 µL (B), respectively).  The particles presented in (A) were prepared using 
the same conditions as the particles presented in Figure 2B, and presented here for comparison. 
For (B), silver concentration in the growth solution was increased by the amount calculated to be 
released from silver seeds in a typical synthesis. The same types of nanoparticles were formed in 
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the two conditions, indicating that the small amount of silver released from silver seeds is unlikely 
to be responsible for the triangle formation with silver seeds. 
 
 
 
 
 
 
 
Figure 2.A7.  EDS spectra of nanowires synthesized by using Au seed (red) and Ag seed (black).  
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Figure 2.A8  TEM images of triangular nanoprisms taken at different magnifications.  A small dot 
is observed in almost every triangle, which is believed to be where silver seed particles were 
located initially.  Some obvious dots are indicated by red arrows. 
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Figure 2.A9  HAADF images and intensity profiles on three different triangular nanoprisms along 
the dashed cyan line on the right images.  
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Figure 2.A10  EDS spectra of the dark dot area (black curve) and the bright area (red curve) on 
triangular nanoprisms in HAADF images.  The spectra were constructed by adding five different 
measurements obtained on five different triangular nanoprisms.  
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Figure 2.A11  Extinction spectra of nanoparticles synthesized under different environment (Air, N2 
and O2).  For the syntheses under O2 and N2, the growth solution was first purged with N2 or O2 
for two hours and the reaction was run under the continuous flow of N2 or O2.  (A) The typical 
condition for synthesizing triangular nanoprisms using silver seed was used for the reactions.  (B) 
The typical condition for synthesizing ultrathin nanowires via silver seed was used for the 
reactions. (C) The typical condition for synthesizing ultrathin nanowires via gold seed was used 
for the reactions. 
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Table 2.A3.  Summary of gold nanostructures synthesized by using gold nanoparticles as seed. 
TEM images of corresponding samples (A-L) are shown below. Surfactants used are cetyl 
trimethyl ammonium bromide (CTAB), cetyl trimethyl ammonium chloride (CTAC) and benzyl 
dimethyl hexadecyl ammonium chloride (BDAC). 
Capping 
agent of 
seed 
Surfactant 
in growth 
solution 
Resulting Au nanostructures 
(optimal Ag+ amount) 
 
CTAB 
CTAB Nanorods(A) 
CTAC Nanospheres with small amount of triangles or rods(B) 
BDAC Nanospheres with small amount of triangles or rods(C) 
 
CTAC 
CTAB Tetrahexahedron(D)1 
CTAC 
Hexoctahedral(E)2, octahedron(F)3, rhombic 
dodecahedra(G)3, trunctated prism(H)3, concave cubes(I)3 
BDAC Nanospheres(J) 
 
BDAC 
CTAB nanospheres and nanorods(K) 
CTAC nanospheres 
BDAC Nanospheresand nanowires(L) 
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Table 4.A2.  Summary of gold nanostructures synthesized by using silver nanoparticles as seed. 
TEM images of corresponding samples (A-I) are shown below. Surfactants used are cetyl 
trimethyl ammonium bromide (CTAB), cetyl trimethyl ammonium chloride (CTAC) and benzyl 
dimethyl hexadecyl ammonium chloride (BDAC). 
Capping 
agent of 
seed 
Surfactant 
in growth 
solution 
Resulting Au nanostructures (optimal Ag+ amount) 
CTAB CTAB Nanospheres(A) 
CTAC CTAC Nanospheres(B) 
BDAC 
CTAB Nanospheres(C) 
CTAC Nanospheres(D), nanotriangles(E)nanotriangles (F) 
BDAC Nanospheres(G), nanotriangles(H),nanowires(I) 
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References:  
(1)  Ming, T.; Feng, W.; Tang, Q.; Wang, F.; Sun, L.; Wang, J.; Yan, C. J. Am. Chem. Soc. 2009, 
131, 16350. 
(2) Hong, J. W.; Lee, S. U.; Lee, Y. W.; Han, S. W. J. Am. Chem. Soc. 2012, 134, 4565. 
(3) Personick, M. L.; Langille, M. R.; Zhang, J.; Mirkin, C. A. Nano Lett. 2011, 11, 3394. 
 
 
2.6.2 Calculation of Theoretical M
Nanowire Covered with a Monolayer of S
Triangular Nanoprisms 
 Typical triangular nanoprisms have an average edge length
height (H) of 5.4 nm. Since both Ag and Au crystallize into FCC crystal structure and
lattice parameters (a = 0.408 nm
structure was calculated by using the lattice parameter for Au. The mole percentage of silver 
defined as the number of silver atoms 
The number of Au atoms in 
3 2
5
19.3 g/cm 0.5 (33.5 nm) sin 60 5.4 nm
1.548 10
× × × ×
= × ×
= ×
 
For a triangular prism, the top and 
area of 
 
Assuming there's one layer of silver atoms on the two parallel sides, each triangular nanoprism
should contain 
23 .
4
a
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ole Percentages of Silver in a Gold N
ilver 
 (L) of 33.5 nm and an average 
 for Ag; a = 0.407 nm for Au), the total number of atoms in each 
divided by the total number of atoms.  
a triangular nanoprism = A
V
N
M
ρ ⋅
⋅  
23 16.02 10 mol
197 g/mol
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the bottom surface are (111) facets. Each atom occup
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is 
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Therefore, the mole percentage of Ag atoms in each triangular 
Ultrathin Nanowires 
 Ultrathin nanowires have an average diameter of 1.
surface of a ultrathin nanowire is covered by one layer of silver atoms, the silver 
mole percentage should be 
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 Ag atoms 
nanoprism is calculated to be
13483
100% 8.7%
154800
× =  
 
6 nm. Assuming that the 
about 75% by a rough estimate using the model shown on the right.
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3. Synthesis and properties of gold nanoshells with  varying surface 
morphology 1 
 
    Gold nanoshells with varying surface topographies and tunable SPR bands were synthesized 
in high yields by the templated surfactant-assisted seed growth method. The SPR band of the 
nanoshells could be tuned over a wide range of wavelengths by varying the nanoshell 
topography, without significantly changing the amount of gold. Finite-difference time-domain 
(FDTD) modeling was used to predict and understand the optical properties of nanoshells 
composed of various subparticles, providing insight into the origins of the tunable SPR band. 
 
This work was done in collaboration with the group of Professor Zahra Fakhraai at the 
Department of Chemistry, University of Pennsylvania. 
1Reproduced in part with permission Brenda L. Sanchez-Gaytan†, Zhaoxia Qian†, Simon P. 
Hastings, Michael L. Reca, Zahra Fakhraai, and So-Jung Park. ( † equal contribution) Controlling 
the Topography and Surface Plasmon Resonance of Gold Nanoshells by a Templated 
Surfactant-Assisted Seed Growth Method. J. Phys. Chem. C, 2013, 117, 8916–8923. Copyright 
2013 American Chemical Society. 
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3.1 Introduction 
    Controlled synthesis of metal nanoparticles is an important area of study because of the unique 
size- and shape dependent properties of such nanoparticles.2-5 For example, gold and silver 
nanoparticles show distinct surface Plasmon resonance (SPR) bands varying with the size and 
shape of the nanoparticles. Among many different types of metal nanoparticles, nanoshells are of 
great interest for their tunable SPR in the near-IR region and their hollow architecture, which have 
led to a number of applications ranging from spectroscopy to cancer diagnosis and therapy.6-8 
    In addition to size and shape, surface topography provides another way to significantly 
influence the properties of polycrystalline metal nanostructures. For macroscopic metal thin films, 
surface defects are known to affect the excitation of surface plasmon waves.9 Wang et al. 
showed that the introduction of surface roughness on gold nanoshells can cause interesting 
changes in their scattering properties.10, 11 Similar spectral changes have been found for solid 
gold nanoparticles as well.12 To understand and harness the properties resulting from topology 
control, it is necessary to develop a synthetic method to generate a series of metal nanoshells 
with controllable and well-defined surface topographies beyond the simple introduction of surface 
roughness and texturing. 
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Recently, Sanchez-Gaytan et al. reported that gold nanoshells covered with spikes, called 
spiky nanoshells,13, 14 can be synthesized by merging templated nanoshell synthesis15 and the 
surfactant assisted seed growth method.16 In this approach, polymer beads decorated with small 
silver seed particles were used as templates to grow gold nanoshells packed with sharp spike 
shaped particles. Owing to the highly structured surface, spiky nanoshells showed strong far-field 
and near-field scattering compared to smooth shells.14 Herein, I show that the templated 
surfactant-assisted seed growth method can be used to synthesize gold nanoshells with varying 
surface topographies by changing the type of surfactants and ions in the growth solution. The 
SPR position of the nanoshells could be controlled over a wide wavelength range by varying the 
surface topography. Finite-difference time-domain (FDTD) modeling was used to elucidate the 
origin of the tunable SPR band of various nanoshells. Given the versatility of the surfactant 
assisted seed growth method demonstrated for homogeneous syntheses with isolated seed 
particles,3 we believe that our approach provides a powerful platform that allows for the synthesis 
of a range of different types of hollow particles with interesting optical properties. 
 
 
3.2 Materials and Methods 
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3.2.1 Materials and Instrumentation.  Cetyltrimethylammonium bromide (CTAB), 
cethyltrimethylammonium chloride (CTAC), chloroauric acid (HAuCl4), sodium borohydride 
(NaBH4), silver nitrate (AgNO3), ascorbic acid, sodium citrate, polyvinylpyrrolidone (Mw= 10000 
g/mol) and n-propyl gallate were purchased from Sigma-Aldrich. Sodium bromide, sodium iodide, 
and ammonium hydroxide were purchased from Fisher Scientific. Carboxylate-modified 
FluoSpheres (diameter =100 nm, 2% solids) were purchased from Invitrogen. The average 
diameter of the PS beads was determined to be 94.5 ± 7.2 nm by transmission electron 
microscopy (TEM). TEM images were recorded with a Tecnai G212 TWIN instrument operating at 
120 kV accelerating voltage. Scanning electron microscopy (SEM) images were recorded with 
Quanta 600 FEG Mark II were measured with an Agilent 8453 UV−visible spectrophotometer. 
The gold concentration was determined using inductively coupled plasma−atomic emission 
spectroscopy (ICP−AES) (Spectro Genesis). 
3.2.2 Preparation of Seed-Decorated Polymer Beads. Carboxylate-modified FluoSpheres 
(diameter = 100 nm, 2% solids, 100 µL) with a charge density of 0.3207 mequiv/g were mixed 
with an aqueous solution of Ag(NH3)2
+ (0.01 M, 100 µL), which was prepared by mixing AgNO3 (2 
mL, 1 M) and NH4OH (14.8 N, one droplet). After 30 min, 1 mL of purified water (18.0 MΩ) was 
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added to the solution, and the mixture was centrifuged at 18000 rpm for 30 min. Supernatant was 
discarded, and the same washing procedure was repeated one more time. The supernatant was 
then replaced with 500 µL of water. To form silver seed particles on the polymer beads, an 
aqueous solution of freshly prepared NaBH4 (0.01 M, 100 µL) was added to the solution with 
vigorous mixing. To allow for the decomposition of unreacted NaBH4, the seed solution was aged 
overnight before use. Finally, the seed-decorated PS beads were purified by centrifuging the 
solution at 18000 rpm for 30 min and replacing the supernatant with 5 mL of water. 
3.2.3 Synthesis of Spiky CTAB Nanoshells.  The growth solution was prepared by mixing the 
following solutions: CTAB (0.1 M, 10 mL), HAuCl4 (0.01 M, 421 µL), AgNO3 (0.01 M, 64 µL), and 
ascorbic acid (0.1 M, 67 µL) in that order. Throughout this article, the concentrations of 
surfactants are reported as the concentrations of the surfactant stock solutions added to the 
growth solution, unless otherwise specified. For the synthesis of spiky shells, 10−40 µL of the 
seed-decorated bead solution described in the preceding section was added to the growth 
solution (10 mL), and the resulting solution was mixed gently for a few seconds. Red color started 
developing in approximately 5 min after mixing, and the reaction was completed in 1−2 h. 
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3.2.4 Synthesis of “Smooth” CTAC Nanoshells. The growth solution was prepared by mixing 
aqueous solutions of CTAC (0.1 M, 10 mL), HAuCl4 (0.01 M, 421 µL), AgNO3 (0.01 M, 64 µL), 
and ascorbic acid (0.1 M, 67 µL). For nanoshell synthesis, the seed-decorated bead solution 
(10−80 µL) described earlier was added to the growth solution (10 mL), and the resulting solution 
was mixed gently for a few seconds. Red color started developing after approximately 1−2 min, 
and the reaction was completed in less than 1 h. 
3.2.5 Synthesis of Superspiky CTAC/Br Nanoshells.  The growth solution was prepared by 
adding varying amounts of NaBr (1 M, from 100 µL to 1 mL) to the CTAC-based growth solution. 
A CTAC solution and a NaBr solution were mixed first before the addition of other reagents. All 
other reaction conditions were the same as those used for regular spiky nanoshells. The optimal 
NaBr concentration for producing superspiky nanoshells was found to be 50 mM. 
3.2.6 Synthesis of Silver Nanoshells.  Typical growth solution was made of 2 mL H2O, 100 µL 
0.01M sodium citrate and 50 µL 0.01M AgNO3. 2 µL to 64 µL of the seed-decorated polymer 
beads solution was added into the growth solution followed by quick injection of 80 µL fresh n-
propyl gallate solution. N-propyl gallate solution was prepared by dissolving 15 mg of n-propyl 
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gallate powder into 250 µL ethanol and then diluted by addition of 4.75 mL H2O. Color started to 
evolve upon injection of n-propyl gallate and the reaction is complete within 30 min. 
 
3.3 Results and Discussions 
3.3.1 Synthesis of Gold Nanoshells with Different S urface Morphology 
In typical syntheses of nanoshells, numerous small silver seed particles (2−5 nm in diameter) 
were first synthesized on negatively charged carboxylate-modified polystyrene (PS) beads (94.5 
± 7.2 nm in diameter). Subsequently, the seed decorated polymer particles were added to a 
growth solution containing HAuCl4, ascorbic acid, AgNO3, and cationic surfactants. Because the 
standard reduction potentials [versus the standard hydrogen electrode (SHE)] of Ag+(aq)/Ag(s) 
and AuBr2
−(aq)/Au(s) are 0.962 and 1.11 V, respectively,17, 18 gold precursors should be reduced 
on polymer beads through both galvanic replacement19 and catalytic reduction, forming gold 
nanoshells. We previously reported that growth solution containing cetyltrimethylammonium 
bromide (CTAB) as the surfactant generates gold nanoshells that are densely covered with sharp  
spikes called spiky nanoshells (Figure 3.1A, C).13 To understand the role of the surfactant in 
controlling the surface topography, we replaced CTAB in the growth solution with 
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cetyltrimethylammonium chloride (CTAC). In the CTAC growth solution, continuous gold 
nanoshells with a relatively smooth surface were synthesized (Figure 3.1B, D), in contrast to the 
spiky shells formed in CTAB growth solution (Figure 3.1A, C). This structure is hereafter referred 
to as smooth CTAC nanoshells to emphasize the smoother surface texture of the nanoshells 
synthesized in the CTAC growth solution compared to spiky CTAB shells. In homogeneous 
nanoparticle synthesis with isolated gold seed particles, the CTAB growth solution produces rod-
shaped particles, whereas the CTAC growth solution generates quasispherical particles,20, 21 as 
also confirmed in our control experiment (Figure 3.2A, B, C). The preferential binding of bromide 
ions to selective facets of gold particles has been found to promote the growth of anisotropic 
particles in the presence of CTAB.22, 23 In essence, a similar behavior was observed in the 
heterogeneous syntheses reported here; when CTAB was replaced by CTAC, quasispherical 
particles continued to grow from seed particles until neighboring particles on a polymer bead 
fused together to form a relatively smooth gold nanoshell (Figure 3.1B, E). The smooth CTAC 
nanoshells showed an SPR band at 710 nm, which is blue-shifted from that of typical spiky shells 
(Figure 3.1E) and close to that expected for perfectly smooth shells (vide infra).  
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Although the surface topography of the nanoshells studied here is consistent with the findings 
in homogeneous syntheses with isolated seed particles as described previously, the nanoparticle 
growth on a polymer template was somewhat different from that in homogeneous syntheses. 
Because the templated syntheses reported here utilized silver seed particles instead of commonly 
used gold seed particles, another set of control experiments of homogeneous syntheses was 
performed with silver seed particles (Figure 3.2D, E, F). When silver particles were used as the 
seeds, slightly elongated gold particles were observed in CTAB growth solution, whereas 
spherical gold particles were formed in CTAC growth solution. These results are generally  
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Figure 3.1.  (A-B) TEM images of nanoshells synthesized in CTAB (A) and CTAC (B).  (C-D) SEM 
images of nanoshells synthesized in CTAB (C) and CTAC (D). (E) Extinction spectra of 
nanoshellssynthesized in CTAB (black) and CTAC (red).  
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Figure 3.2.  TEM and extinction spectra of gold nanostructures synthesized using gold (A, B, C) 
or silver (D, E, F) seed particles without polymer templates.  Gold seed particles (2~5 nm) were 
synthesized by mixing 0.250 mL of 0.01M HAuCl4 solution with 7.5 mL of 0.10 M CTAB solution 
followed by a quick injection of 0.600 mL of 0.01M ice-cold NaBH4 solution while vigorously 
stirring. The solution was kept at 25 oC for a couple of hours before using.  Silver seed particles 
were prepared by mixing 0.250 mL of 0.01 M AgNO3 solution with 7.5 mL of 0.10 M CTAB (D) or 
CTAC (E) solution followed by quick injection of 0.01 M ice-cold NaBH4 during vigorous stirring.  
Because Ag seed particles tend to aggregate in solution over time, it was used one hour after the 
preparation.  The growth solution was prepared by adding 0.200 mL of 0.01 M HAuCl4, 0.030 mL 
of 0.01 M AgNO3 and 0.032 mL of 0.10 M L-ascorbic acid solutions into 4.75 mL 0.01 M 
surfactant solution (CTAB for samples in A and D, CTAC for samples in B and E). For all 
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samples, 10 µL seed solution was added to the growth solution with vigorous stirring.  After two 
hours, the final product was collected by centrifugation (12,000 rpm, 30 min).   
 
consistent with those obtained using gold seed particles, which generated nanorods with CTAB 
and nanospheres with CTAC. However, the aspect ratio of gold particles grown from silver seed 
particles in CTAB growth solution is significantly smaller than that obtained with gold seed 
particles. On the other hand, in templated syntheses, gold spikes of high aspect ratios were 
formed even from silver seed particles, presumably because of the slow and directional diffusion 
of gold precursors to the PS beads. 
    Finite-difference time-domain (FDTD) simulations were used to model gold nanoshells with 
varying surface topographies. Relatively smooth CTAC shells were modeled with gold 
nanospheres distributed at equally spaced random positions on the surface of a PS bead, 
whereas spiky CTAB shells were modeled by replacing the gold spheres with gold cones. The 
positions of the gold nanoparticles were chosen using a force algorithm.24, 25 In a typical force 
algorithm, equally distanced points on the surface of a sphere were obtained by randomly placing 
a fixed number of charged particles on the sphere, with the assumption that the charged particles 
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repel each other with a force described by a 1/r2 potential. The number of charges was chosen to 
match the experimental number of spikes or spheres. Once the forces on each charged particle 
are balanced by the repulsion of other charged particles, they do not move any further. Lumerical 
FDTD software was used to place gold spheres or cones of varying sizes and shapes on the 
predefined equilibrium positions of nanoparticles to calculate their absorption and scattering 
spectra. The details of the FDTD model, including materials properties and boundary conditions, 
were described in an earlier publication.14 All reported values of length scales are accurate within 
the mesh size of ±2 nm. 
Figure 3.3 presents models for smooth CTAC nanoshells produced by placing 26-nm gold 
spheres on a PS bead with a diameter of 95 nm. The diameter of the gold spheres was chosen to 
match the experimentally determined thickness of CTAC shells (26.6 ± 4.7 nm) shown in Figure 
3.1D. The FDTD simulation was carried out with varying number of particles on the polymer bead 
from 100 to 180 particles (Figure 3.3A). This approach of overlapping spheres to form nanoshells 
provides a way to systematically vary the roughness of the nanoshells. As the number of spheres  
decreased and the surface roughness increased (Figure 3.3A), the extinction spectrum red 
shifted and became sharper and more intense (Figure 3.3B). This result is consistent with the 
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previous report by Wang et al., which predicted that the introduction of surface roughness on 
nanoshells causes a red shift of the SPR bands and dampening of higher-mode plasmon 
resonances, as well as increases in scattering intensity.10 
 
Figure 3.3.  (A) Models of gold nanoshells arranged in the order of increasing surface roughness.  
(B) Calculated extinction spectra of a smooth nanoshell (black) and three different gold 
nanoshells generated by placing varying numbers of 26 nm gold spheres on a PS bead (red: 180 
spheres, blue: 140 spheres, dark cyan: 100 spheres) shown in (A).  A PS core with a diameter of 
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95 nm was used for all models.  The thickness of the perfectly smooth nanoshell was set to 23 
nm to match the amount of gold to that of the CTAC-shell model constructed with 180 gold 
spheres.  
 
    The peak position of the extinction spectrum of CTAC shells was reproduced when 180 
nanoparticles were placed on the PS bead (Figure 3.3A, red). In this case, the gold spheres 
significantly overlap each other to form continuous nanoshell structures (Figure 3.3A, second 
model). For comparison, the extinction spectrum of a perfectly smooth nanoshell on the same 
size PS bead (Figure 3.3A, first model) was also calculated and is plotted in Figure 3.3B (black). 
The same amount of gold was used to model the CTAC shell (Figure 3.3A, second model) and 
the perfectly smooth shell (Figure 3.3A, first model). The comparison of the two spectra reveals 
that CTAC shells show an SPR band that is slightly more intense and red-shifted than that of 
perfectly smooth gold nanoshells, demonstrating that the surfactant-assisted synthesis reported 
here offers a high yield synthetic method to prepare roughened nanoshells with scattering 
properties resembling those of widely studied smooth gold nanoshells. Although gold nanoshells 
with roughened surfaces were previously synthesized by chemically etching the surface of  
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Figure 3.4. (A-D) SEM images of nanoshells grown in CTAC/Br- growth solutions with varying 
amount of NaBr: 0 mM (A), 20 mM (B), 50 mM (C), and 75 mM (D). Inset in (C) is a TEM image of 
corresponding nanoshell. (E) The extinction spectra of samples shown in A (black), B (red), C 
(blue), and D (magenta).  (F) A plot of maximum extinction positions as a function of the volume 
of 1 M NaBr solution added to 1 mL of CTAC-based growth solution.  
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presynthesized nanoshells,10 the postsynthesis chemical etching approach is not ideal as a 
synthetic method because chemical etching can destabilize the nanoparticles and it is difficult to 
control the surface topography beyond surface roughening using such a method. 
    To examine the role of halides in the metal reduction and nanoshell growth, sodium bromide 
was added to the CTAC growth solution for nanoshell synthesis (Figure 3.4). As expected, the 
growth solution containing CTAC and NaBr (CTAC/Br growth solution) resulted in gold nanoshells  
covered with spikes, confirming that the halide ions play an important role in regulating the shell 
morphology.26 Figure 3.4 shows SEM images of gold nanoshells formed at a series of different 
concentrations of NaBr in CTAC/Br growth solution. The morphology of the nanoshells changes 
sensitively with the concentration of bromide ions, and the sharpness and density of the spikes on 
the nanoshells become higher with increasing NaBr concentration, reaching the maximum aspect 
ratio at about 50 mM concentration (Figure 3.4C). A further increase of bromide concentration led 
to nanoshells with shorter rods with patches of voids on the PS bead surface (Figure 3.4D). This 
observation can be explained by the concentration-dependent facet selectivity of bromide ion 
binding. When the concentration of bromide ions exceeds a certain value, the ions can adsorb on 
more stable surfaces as well as less stable facets. Therefore, nanoshells synthesized at 
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excessively high bromide concentrations present smaller-aspect-ratio spikes on the surface. A 
similar phenomenon was previously observed in the synthesis of copper nanoparticles,27 where 
the aspect ratio of copper particles was controlled by the concentration of chloride ions. Note that 
the combination of CTAC and NaBr offers a means to adjust the concentrations of the two 
different additives (cationic surfactants and halide ions) separately to fine-tune the structure. 
Therefore, gold nanoshells composed of much sharper and denser spikes can be formed using 
an appropriate CTAC/Br growth solution, as depicted in Scheme 1. The sharp spiky nanoshells 
synthesized in CTAC/Br growth solution (Figure 3.4C) are hereafter referred to as “superspiky” 
shells. The SPR band position of the gold nanoshells was found to vary with the surface 
topography (Figure 3.4E, F). With increasing NaBr concentration, the SPR band exhibited gradual 
red shifts from 710 to 930 nm (Figure 3.4E). Under the conditions used in the set of experiments 
(Figure 3.4F), the nanoshells with the highest-aspect-ratio spikes were obtained at a CTAC and 
NaBr concentration ratio ([CTAC]/[Br−]) of 2. A further increase in NaBr concentration caused blue 
shifts in the extinction spectrum, reflecting the blunt shape of the spikes synthesized under these 
conditions (Figure 3.4F). Eventually, at NaBr concentrations over 75 mM, the SPR position of 
nanoshells became similar to that of CTAC shells. Therefore, the NaBr concentration needs be 
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adjusted to obtain nanoshells with desired morphologies and optical properties. When additional 
NaBr was added to the CTAB-based growth solutions, similar blue-shifts were observed with a 
loss of spike sharpness. 
    To further elucidate the effect of halides on nanoshell growth, we used a growth solution 
containing CTAC and sodium iodide for nanoshell synthesis. The concentration of NaI was kept 
below 4 mM to avoid the precipitation of surfactants. Figure 3.5 presents a typical TEM image 
and extinction spectrum of nanoshells synthesized in a growth solution containing CTAC and NaI 
(CTAC/I growth solution). Unlike the continuous nanoshells synthesized in a CTAC growth 
solution or spiky nanoshells formed in CTAB growth solution, the CTAC/I growth solution 
generated discrete quasispherical nanoparticles on PS beads, resulting in incomplete shells 
(Figure 4A). We attribute this behavior to the strong binding of iodide ions to the gold surface.21, 28, 
29 In nanorod synthesis, the presence of iodide impurities in CTAB is reported to result in the 
formation of spherical particles instead of nanorods.29 In the templated synthesis studied here, 
the strong iodide−gold interaction leads to discrete quasispherical particles on the PS beads 
instead of anisotropic spikes formed with the addition of NaBr. In addition, the densely packed 
surfactant layer on growing gold particles slows the gold reduction and protects the particles from 
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fusing together and forming a continuous shell. The effects of various additives in the growth 
solution are summarized in Scheme 3. The particles synthesized in CTAC/I growth solution 
showed a complex extinction spectrum with multiple peaks originating from coupling between 
many discrete particles decorating the PS beads (Figure 3.5B) instead of a broad shell dipole 
SPR shown in continuous CTAC shells. This result demonstrates that a continuous shell is 
necessary to obtain a controllable SPR band in the near-IR range. 
    The SPR position of superspiky nanoshells could be further controlled by changing the amount 
of growth solution relative to the amount of seed-decorated polymer beads. Figure 3.6 presents 
SEM images and extinction spectra of nanoshells synthesized at varying ratios of the growth 
solution and seed solution, which show that a larger amount of growth solution results in longer 
spikes decorating the beads. This morphology change caused red shifts of the SPR band from 
785 to >1100 nm. Nanoshells synthesized using CTAB growth solution showed similar red shifts 
with the relative amount of growth solution.14 However, when CTAB was used as the surfactant, 
the SPR band maximized at around 900 nm, and a further increase in the amount of CTAB 
growth solution relative to the amount of seed-decorated beads resulted in the formation of 
nanostar side products. On the other hand, the SPR of nanoshells synthesized in CTAC/Br 
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growth solution could be tuned farther into the near-IR region without the appearance of 
nanostars. Therefore, the growth solution of CTAC and NaBr mixture provides much better 
control over the morphology and optical properties of spiky nanoshells. 
 
 
 
Figure 3.5.  TEM (A) and UV-Vis spectrum (B) of nanoshells synthesized using a growth solution 
containing 0.10M CTAC and 2 mM NaI.  For the synthesis, 10 mL of growth solution and 20 µL of 
seed solution were used. 
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Scheme 3. A pictorial description of the effect of surfactants and halide ions on the morphology 
of gold nanoshells. 
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Figure 3.6. (A-C) SEM images of nanoshells synthesized in the presence of CTAC and NaBr (50 
mM) at varying seed to growth solution ratios.  For the syntheses, 10 mL growth solution was 
mixed with 45 µL (A), 25 µL (B), 15 µL (C) of seed solutions.  (D) A scheme showing how the 
morphology changes with the relative amount of the growth solution.  (E) Extinction spectra of 
nanoshells shown in (A) (black), (B) (red), and (C) (blue). (F-H) Size distribution histogram of the 
nanoshells presented in (A), (B), (C). (F), (G), (H) corresponds to (A), (B), (C), respectively. 
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Average tip-to-tip diameters of the nanoshells shown in A-C were measured to be 171 ± 11 nm 
(A), 197 ±14 nm (B), and 212 ±12 nm (C).  
 
3.3.2 Optical Properties of Gold Nanoshells 
    To elucidate the origin of the broad SPR band of spiky nanoshells in the near- IR region, 
extinction spectra of a series of simplified models were calculated by FDTD modeling (Figures 3.7 
and 3.8). Figure 3.7 presents a set of structures evolving from a smooth nanoshell (Figure 3.7A) 
and two isolated spikes (Figure 3.7B) on a PS bead to a complete spiky shell on a PS bead. In 
this set of modeling, a spiky nanoshell is viewed as a combination of a smooth shell and spikes. 
The scattering spectra calculated for the polarization direction along the long axis of the spikes 
(Figure 3.7A, B) reveal that neither a smooth nanoshell nor isolated spikes alone can describe the 
broad near-IR band observed for spiky nanoshells. When two spikes are located on the surface of 
a PS bead, the spikes do not significantly interact because of the large size of the PS bead, and 
the SPR peak position of the structure is the same as that of one spike. When a thin gold shell is 
added to the structure, the two spikes are connected and generate a dipole mode that oscillates 
along the long axis of the nanoparticle, as shown in Figure 3.7C. This dipole resonance is red-
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shifted compared to the SPR of isolated spikes (Figure 3.7B) and smooth nanoshells (Figure 
3.7A). Again, we note that a simple nanoshell structure cannot produce such a red-shifted near-
IR band and the addition of elongated particles is necessary to shift the oscillation to lower 
frequencies. This mode of resonance is attributed to the primary SPR mode observed in spiky 
nanoshells. Adding more spikes to the same structure either in one plane (Figure 3.7D) or in 
random orientations (Figure 3.7E) did not significantly shift the plasmon resonance frequency. 
Instead, the addition of more spikes contributed to the broadening of the peak. Note that the 
scattering intensity of two spikes connected by a shell in the middle (Figure 3.7C) is significantly 
larger than the simple addition of the scattering intensities of the two components [i.e., a shell 
(Figure 3.7A) and two isolated spikes (Figure 3.7B)]. Compared to two gold spikes attached at the 
base, two spikes connected by a shell (Figure 3.7C) showed a significantly red-shifted spectrum, 
indicating that the SPR band can be tuned by changing the shell dimensions as well as the 
dimensions of the spikes. In a spiky nanoshell, the overlap of many spikes generates the effective 
shell that is needed to produce a tunable near-IR SPR band. This effect can be visualized by 
adding more spikes to the structure presented in Figure 3.8A. As shown in Figure 3.8B, C, the 
addition of more spikes does not significantly shift the SPR position from that of two isolated 
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spikes (Figure 3.8A) until the spikes are close enough to interact and generate hot spots (Figure 
3.8C). A further addition of spikes generates enough overlap between spikes to produce a thin 
shell on the PS surface, at which point the spectrum becomes smooth and resembles that of a 
spiky nanoshell (Figure 3.8D). Although the localized fields between spikes are important in 
surface enhanced Raman scattering, as reported earlier,14 these simulation results show that the 
main SPR band originates from the shell dipole mode. 
    The surface-topology-dependent SPR of nanoshells synthesized in this study is summarized in 
Figure 3.9, which shows that the SPR band of the nanoshells can be tuned from about 700 nm to 
beyond 1100 nm by varying the surface morphology of the gold nanoshells. The introduction of 
anisotropic substructures on the nanoshells (Figure 3.9B, top, blue) leads to a red shift of the 
SPR from that of smooth nanoshells (Figure 3.9B, top, red). The comparison of the spiky 
nanoshells (Figure 3.9B, top, blue) and the superspiky nanoshells (Figure 3.9B, top, green) 
clearly shows that the nanoshells formed using the combination of CTAC and NaBr exhibit much 
sharper and denser spikes on the surface, which leads to a red shift of the SPR band. This result 
is consistent with our previously reported FDTD modeling,14 and it was achieved experimentally 
here by adjusting the bromide concentration in the growth solution. The gold conversions for the 
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syntheses were determined to be (82.6 ± 2.3)%, (80.4 ± 1.9)%, and (77.8 ± 3.2)% for smooth 
CTAC, spiky CTAB, and superspiky CTAC/Br nanoshells, respectively (Figure 3.9B, top, red, 
blue, and green, respectively) by ICP−AES, indicating that the three different types of nanoshells 
are made of similar amounts of gold. The SPR band can be further shifted to longer wavelengths 
by increasing the length of spikes on the superspiky nanoshells (Figure 3.9B, top, magenta). The 
optical properties of metal nanoshells have been extensively studied using smooth gold 
nanoshells on silica cores SiO2@Au).30 It is well-known that the SPR position of smooth shells 
can be readily controlled by changing the ratio between the core diameter and shell thickness and 
that the increased core/shell ratio results in red shifts of the SPR band.31 However, large cores 
are often not desirable, as they significantly increase the overall particle diameter. Although the 
shell thickness can be reduced to obtain SPR bands far in the near-IR region, it can be 
challenging to prepare uniform shells with very small thicknesses (<5 nm). For example, to 
achieve an SPR band at a wavelength beyond 1000 nm, the shell thickness should be less than 5 
nm for a 100-nm-diameter PS core, whereas the thinnest shell reported thus far had a thickness 
of around 6 nm.30 In our system that couples a shell and spikes (Figure 3.7), one can readily tune 
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the SPR band over a wide range without significantly changing the size of the nanoshells or the 
amount of gold. 
Figure 3.7.  Absorption (black), scattering (red) and extinction (blue) spectra of various 
nanostructures. In all figures the direction of polarization is along the blue arrow and the 
propagation direction is along the red arrow. All spectra are plotted with the same scale. (A) A 20 
nm thick smooth gold nanoshell on a PS core with the diameter of 56 nm.  (B)  Two gold cones 
with the base diameter of 38 nm, height of 52 nm, and tip diameter of 10 nm on a PS bead with 
the diameter of 95 nm.  The polarization of light is along the long axis of the cone. (C) A gold 
nanoshell decorated with two gold cones.  (D) A gold nanoshell decorated with 16 gold cones.  All 
cones are arranged in the plane formed by the propagation and polarization vectors.  (E)A gold 
nanoshell decorated with randomly oriented 240 gold cones.  The shell and cone dimensions 
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used in (C-E) are identical to those used in (A) and (B).  The SPR peak positions were 624 nm, 
780 nm, 952 nm, 920 nm, and 900 nm for the structures shown in (A), (B), (C), (D), (E), 
respectively.   
Figure 3.8. Extinction spectra of a PS bead decorated with varying numbers of evenly spaced 
gold cones: 2 (A), 10 (B), 20 (C), and 30 (D). The polarization direction is aligned with the long 
axis of two cones in (A).  The SPR band positions were found at 780, 778, 796 and 1210 nm for 
structures shown in (A), (b), (C), and (D), respectively. The extinction spectrum of (B) is close to 
that of (A) despite the additional cones, as they are still non-interacting. In (C), some cones are 
close enough to make local contact, but the overlap is not sufficient to form a full shell, resulting in 
a structured and only moderately shifted spectrum. In (D), the spikes are now completely 
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connected to form a shell, resulting in a dipole mode through the shell formed by overlapping 
cones at the base. 
 
Figure 3.9.  (A) SEM images (top) of various nanoshells synthesized in CTAC (red), CTAB (blue), 
and CTACBr (green and magenta) growth solutions. Inset scale bar for SEM images is 100 nm.  
The models used for FDTD simulations are presented in the bottom. (B) Top: Extinction spectra 
of nanoshells shown in (A): “smooth” CTAC-shell (red), spiky CTAB-shell (blue), and super-spiky 
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CTAC/Br-shells (green and magenta). For the syntheses, 10 mL growth solution was mixed with 
20 µL (red), 20 µL (blue), 20 µL (green), and 10 µL (magenta) of seed solutions. Bottom: 
Calculated extinction spectra of various nanoshells: a nanoshell model resembling the smooth 
CTAC-nanoshell composed of 180 nanospheres with a 26 nm diameter (red), a spiky CTAB-
nanoshell model composed of 40 spikes with a base diameter of 60 nm, height of 45 nm, and tip 
diameter of 10 nm (blue),a super-spiky CTAC/Br-nanoshell model constructed by placing larger 
number of sharper spikes (80 spikes with a base diameter of 38 nm, height of 45 nm and tip 
diameter of 4 nm) (green), and a super-spiky nanoshellmodel constructed by placing 80 spikes 
with a base diameter of 38 nm, height of 65 nm and tip diameter of 4 nm (magenta). In all cases, 
gold nanostructures were placed on the surface of a 95 nm PS core.   
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Finite-difference time-domain (FDTD) simulations were used to model gold nanoshells with 
varying surface topographies with experimentally relevant structural parameters. In all cases, the 
amount of gold on the modeled particles was kept consistent with experimental values. As shown 
in Figure 8B (bottom), the position of the broad SPR dipole band depends on the shape, density, 
and dimensions of the substructure (spheres or spikes) composing the shell. The spiky CTAB 
shell model (Figure 3.9B, blue) shows a spectrum that is red-shifted from that of the CTAC shell 
model (Figure 3.9B, red) because of the increased aspect ratio of the substructure and surface 
roughness. For the same reason, the increase in the spike length and sharpness results in red 
shifts in the scattering spectra (Figure 3.9B, blue, green, and magenta), as discussed in our 
previous publication.14 Increasing the spike density without changing its shape slightly blue shifts 
the SPR band as a result of the spike overlap and the reduced surface roughness (data not 
shown). The calculated spectra were generally sharper and had more fine features than the 
experimental spectra, which is not surprising given the fact that the experimental nanoshells were 
more heterogeneous in size and shape and were ensemble-averaged over many individual 
particles. Nonetheless, the simulated SPR positions in Figure 3.9B (bottom) match well with the 
experimental peak positions in Figure 3.9B (top), using the amount of gold and the geometry 
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found in the synthesized nanoshells. The scattering intensity of the nanoshells increased with the 
surface roughness, demonstrating an important advantage of the structured nanoshells 
synthesized here (Figure 3.10). 
 
Figure 3.10.  Unnormalized extinction spectra of four models (red, blue, green, magenta) 
presented in Figure 3.9.  The extinction spectra of the smooth nanoshell (black) presented in 
Figure 3.3 is also presented here for comparison. 
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Compared to the nanostar synthesis using large (∼10−15 nm) gold nanoparticle seeds,5, 32 the 
templated surfactant assisted seed growth method reported here produces uniform spiky 
nanostructures in nearly 100% yield whereas the nanostar synthesis generates a mixture of 
nanostars with different numbers of arms. The hollow architecture of nanoshells is also 
advantageous because it adds another control characteristic (i.e., core size) to tune the SPR 
position. In addition, other functional materials and molecules can be incorporated into the core to 
fabricate multifunctional nanoshells. 
 
        
3.3.3 Synthesis of Silver Nanoshells 
    Compared to gold nanoparticles, silver nanoparticles have many advantages such as sharper 
extinction bands, higher extinction coefficients, higher ratio of scattering to extinction, and 
extremely high field enhancements. However, there is still great needs for synthesizing silver 
nanoshells in high yield in a simple method. 33-35 Based on similar strategy for synthesizing gold 
nanoshells with different morphology, I developed a fast way to synthesize silver nanoshells in 
around 100% yield. Typical synthesis involves mixing 2 mL H2O, 100 µL 0.01 M sodium citrate, 
50 µL 0.01 M AgNO3, certain volume of the seed-decorated polymer beads solution and 80 µL 
fresh n-propyl gallate solution sequentially.  With a relatively high concentration of seed, small 
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silver nanoparticles islands would grow on the polymer template (Figure 3.11A). With decreasing 
concentration of seed, the silver nanoparticles grow bigger and bigger, forming a continuous shell 
(Figure 3.11B-E). The extinction spectra red shift gradually and get broader with increasing 
nanoparticle sizes (Figure 3.11F). The growth of silver nanoshells is quite fast and typical reaction 
can finish in around 10 minutes (Figure 3.12). 
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Figure 3.11  (A-E) TEM images of silver nanoshells synthesized with varying volume of seed-
decorated polymer beads solution. Volume of seed used is 64 µL (A), 16 µL (B), 8 µL (C), 4 µL 
(D) and 2 µL (E). Insets are pictures of corresponding samples. (F) Normalized extinction spectra 
of nanoshells shown in (A-E) (A: black, B: red, C: blue, D: dark cyan, E: magenta). 
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Figure 3.12  Extinction spectra of silver nanoshells at different growth time. Here the silver 
nanoshells were synthesized by mixing 2 mL H2O, 100 µL 0.01 M sodium citrate, 50 µL 0.01 M 
AgNO3, 8 µL of silver seed and 80 µL n-propyl gallate sequentially. 
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    In order to study the role of sodium citrate, PVP and n-propyl gallate, their concentrations were 
adjusted and silver nanoshells with different surface morphologies were obtained (Figure 3.13, 
Figure 3.14). Individual nanoparticles with visible gaps in between were obtained without the 
presence of sodium citrate in the growth solution (Figure 3.13A), whereas a complete shell is 
formed when sodium citrate is present (Figure 3.13B). This is probably because without the 
protection of sodium citrate, the silver nanoparticles grow too fast towards the direction away from 
the polymer template so that a complete shell is not formed before the reaction stops. Addition of 
PVP instead of sodium citrate would resulted in a more "shell-like" structure because PVP can 
also protect the silver nanoparticle surface (Figure 3.13C). However, PVP cannot facilitate 
"smooth" shell growth as effectively as sodium citrate (Figure 3.13B, Figure 3.13C). A 
combination of PVP and sodium citrate would protect the silver surface too strong to inhibit the 
growth of the silver shell, leading to smaller nanoshells than that formed only using sodium citrate 
(Figure 3.13B, Figure 3.13D). Silver nanoshells with different surface morphology have quite 
different extinction spectra (Figure 3.13E). The concentration of n-propyl gallate is also very 
important in determining the morphology of the silver nanoshells. With increasing concentration of 
n-propyl gallate in the reaction solution, the surface of the silver nanoshells got more smooth and 
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protruding outliers disappear (Figure 3.14). This is probably because n-propyl gallate is both 
protecting agent for silver nanoshells and reducing agent for silver ions. Therefore, similar to the 
case of sodium citrate, increasing concentration of n-propyl gallate facilitate formation of more 
smooth nanoshells. On the other hand, decreasing the concentration of n-propyl gallate would 
decrease the reduction rate of silver ions, facilitating anisotropic growth of the silver nanoparticles 
(Figure 3.14A, B). 
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Figure 3.13  Influence of PVP and sodium citrate on the morphology of silver nanoshells.  (A-D) 
TEM (top) and SEM (bottom) images of silver nanoshells made by mixing certain amount of H2O, 
PVP and sodium citrate, 50 µL 0.01 M AgNO3, 8 µL of Ag seed and 80 µL n-propyl gallate 
sequentially. The amount of H2O, PVP and sodium citrate are: (A) 2.1 mL H2O, (B) 2.0 mL H2O, 
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100 µL 0.01M sodium citrate, (C) 2 mL 0.25% wt PVP, 100 µL H2O, and (D) 2 mL 0.25% wt PVP, 
100 µL 0.01M sodium citrate. 
 
 
Figure 3.14  Influence of concentration of n-propyl gallate on the morphology of the silver 
nanoshells. (A-D) TEM images of silver nanoshells made by mixing 2 mL 0.10% wt PVP (Mw= 
10000g/mol), 100 µL 0.01 M sodium citrate, 50 µL 0.01 M AgNO3, 2 µL of seed-decorated 
polymer beads solution and certain amount of NPG in sequential order.  Volumes of n-propyl 
gallate solution used were 10 µL (A), 20 µL (B), 80 µL (C) and 300 µL (D), respectively. (E) 
Normalized extinction spectra of sample A-D. 
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3.3.4 Synthesis of Flagellate Bacterium-like Struct ure  
   Flagellate bacterium-like structure was synthesized by slight modification of the components of 
the growth solution while using the same seed solution as that of the gold nanoshells described 
previously. The growth solution was prepared by mixing aqueous solutions of certain volume and 
concentration of surfactant benzyl dimethyl hexadecyl ammonium chloride (BDAC), HAuCl4, 
AgNO3 and ascorbic acid sequentially. Then 35 µL of seed solution was added to the growth 
solution followed by gentle mixing for a few seconds. Detailed recipe of the volume and 
concentration of all reagents involved in the syntheses are shown in Table 5 and Table 6 as 
below. After two hours of reaction, the product were cleaned once by centrifugation at 4000 rpm 
for 10 min and then resuspended in 1 mL of nanopure water for further characterization. All above 
reactions were done in 25oC.  
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Table 5.  Summary of volume and concentration of reagents in the growth solution as well as 
volume of seed used for synthesizing flagellate bacterium-like structure. The syntheses were 
done in 1.5 mL plastic centrifuge tubes. However, it is robust enough to scale up to 10 mL.  
Sample BDAC AgNO 3 HAuCl 4 AA seed 
A 1.0 mL*10
-1
 M 42.1 µL *10
-1
 M 42.1 µL *10
-2
 M 6.70 µL *10
-1
M 3.5 µL 
B 1.0 mL*10
-1
 M 8.42 µL *10
-1 
M 42.1 µL *10
-2
 M 6.70 µL *10
-1
 M 3.5 µL 
C 1.0 mL*10
-1
 M 4.21 µL *10
-1
 M 21.0 µL *10
-.2
 M 3.35 µL *10
-1
 M 3.5 µL 
D 1.0 mL*10
-1
 M 42.1 µL *10
-2
 M 42.1 µL *10
-3
 M 6.70 µL *10
-2
 M 3.5 µL 
E 1.0 mL*10
-1
 M 21.0 µL *10
-2
 M 42.1 µL *10
-3
 M 6.70 µL *10
-2
 M 3.5 µL 
F 1.0 mL*10
-1
 M 8.42 µL *10
-2
 M 42.1 µL *10
-3
 M 6.70 µL *10
-2
 M 3.5 µL 
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Table 6.  Summary of silver concentration, relative silver/gold ion concentration ratio, 
concentration product of silver ions and chloride ions and corresponding observations of different 
recipe for synthesizing flagellate bacterium-like structure. The samples (A-F) are the same as 
shown in Table 5. * Only supernatant was collected for further characterization. 
 
 
 
    
Sample [Ag +](M) [Ag +]/[HAuCl 4] [AA]/[HAuCl 4] [Ag
+][Cl -] Notes 
A 4.21*10
-3
 10:1 1.6 4.21*10
-4
 AgCl ppt * 
B 8.42*10
-4
 2:1 1.6 8.42*10
-5
 Slight AgCl ppt 
C 4.21*10
-4
 2:1 1.6 4.21*10
-5
 No AgCl ppt 
D 4.21*10
-4
 10:1 1.6 4.21*10
-5
 No AgCl ppt 
E 2.10*10
-4
 5:1 1.6 2.10*10
-5
 No AgCl ppt 
F 0.84*10
-4
 2:1 1.6 0.84*10
-5
 No AgCl ppt 
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    Herein, the mole ratio of silver ions and gold precursor in the growth solution was adjusted to 
10:1 to 2:1. Under this condition, silver ions would combine with chloride ions from BDAC, 
forming AgCl precipitate indicated by the milky color of the solution and white precipitate in the 
bottom of the reaction vial (Table 6, A). This makes the reaction inhomogeneous and 
characterization of the final product difficult. Lower the concentration of both AgNO3 and HAuCl4 
would solve the problem (Table 6). In all above reaction conditions, flagellate bacterium-like 
structures with different geometric arrangement and flagellum length were formed (Figure 3.15, 
3.16, 3.17 and Scheme 4). With the highest silver ion concentration and a [Ag+]/[HAuCl4] of 10, a 
lot of AgCl precipitate formed and the supernatant after reaction was collected for further 
characterization (Figure 3.15A, 3.17A). A lot of long nanowires (several micrometer long) 
unattached to the PS beads formed in the solution (Figure 3.15A, 3.17A). At the same time, 
flagellate bacterium-like structures made of a PS bead decorated with gold nanoparticles and one 
or more curved wires were also formed (Figure 3.17A). Worth to mention is that the wires 
attached to the PS bead is thicker and shorter than the free wires. Decreasing the concentration 
of silver ions and the ratio of [Ag+]/[HAuCl4] to 2 resulted in less AgCl precipitate.(Table 6B,C) 
Very few free nanowires were formed, and an average of one to two nanowires formed on the PS 
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beads (Figure 3.15B, 3.17B). Further decreasing the concentration of silver ions while keeping 
the ratio of [Ag+]/[HAuCl4] at 2 generated denser and longer wires on PS beads (Figure 3.15C, 
3.17C). At this condition, no visible AgCl precipitate was formed in the growth solution. By 
comparing results from A, B and C (Table 5), we conclude that AgCl precipitate in the initial 
growth solution might be important in determinining the density and length of wires in the 
flagellate bacterium-like structure. 
   In order to get rid of AgCl precipitate in the growth solution while maintain high [Ag+]/[HAuCl4] 
ratio, the concentration of HAuCl4 was lowered by ten times and the concentration of silver nitrate 
was adjusted correspondently in order to achieve [Ag+]/[HAuCl4] ratio of 10, 5 and 2, respectively 
(Table 6D-F). Flagellate bacterium-like structures with decent density of wires on each beads 
were formed in all three conditions (Figure 3.15 D-F, Figure 3.16, Figure 3.17 D-E). Due to the 
existence of the wires, the flagellate bacterium-like structure prefers to aggregate on the silicon 
substrate, making the calculation of the length and the number of wires in each bead difficult 
(Figure 3.15 D-F). TEM characterization showed that the density of the nanoparticles on the PS 
beads is far from full coverage (Figure 3.17 D, E). This is probably because the competitive 
growth of the wires consumed gold metal precursor and therefore the growth of the nanoparticles 
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on the PS beads was terminated. Moreover, the diameter and length of the nanowires are non-
uniform, and the nanowires are made of multiple turns. This is proably due to the complicated 
growth process involving simultaneous homogeneous growth and heterogeneous growth.  
   The extinction spectrum of the as-synthesized flagellate bacterium-like structure is quite 
complicated (Figure 3.18). The strong background in sample A is due to the residue small AgCl 
nanoparticles in the growth solution which scatters strongly. The peak at around 514 nm probably 
comes dominantly from the nanowires. Sample B-F showed SPR around 600~700 nm, which is 
much narrower than that of raspberry-like gold nanoparticle clusters due to the lack of full 
coverage of gold on PS surface. Further exploration of these interesting structures in applications 
such as catalysis or nanomotors is highly desirable.  
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Figure 3.15  SEM images of flagellate bacterium-like structures synthesized using recipe 
described before. Here A-F corresponds to A-F in Table.1 and Table.2. Scale bar is 500 nm. 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.  Examples of bacterial flagella arrangement schemes. A
Lophotrichous; C-Amphitrichous; D
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-
-Peritrichous. Source: http://en.wikipedia.org/wiki/Flagellum
 
Monotrichous; B-
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Figure 3.16  SEM images of flagellate bacterium-like structures synthesized using recipe F 
described before. Scale bar is 500 nm. 
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Figure 3.17  TEM images of flagellate bacterium-like structures synthesized using recipe 
described before. Here A-D corresponds to sample A-D in Table.5 and E corresponds to sample 
F in Table.5. Unlabeled scale bars are 100 nm. 
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Figure 3.18.  UV-Vis spectra of flagellate bacterium-like structure synthesized using recipe 
described before. Here A-F corresponds to A-F in Table 5 and Table 6. 
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3.4 Conclusions 
    In summary, the templated surfactant-assisted seed growth method provides a robust synthetic 
method to synthesize gold nanoshells with controllable fine structure and SPR position. When 
CTAC was used as the surfactant instead of CTAB, the isotropic nanoparticles on polymer 
templates continued to grow and fused together into relatively smooth nanoshells. The addition of 
bromide ions to the CTAC-based growth solution yielded spiky nanoshells having sharper and 
denser spikes decorating the shell surface, compared to the nanoshells prepared using a CTAB 
growth solution. The concentration of bromide was found to control the aspect ratio and surface 
coverage of spikes on the surface. On the other hand, the addition of iodide ions to the growth 
solution resulted in incomplete shells composed of discrete gold spheres decorating PS beads 
because of the strong binding of iodide ions on gold surface. The surface topography significantly 
changed the characteristics of the SPR band of nanoshells, and we were able to tune the SPR 
position over a wide wavelength range by changing the shape, size, density, and degree of 
overlap of subparticles decorating the polymer core. The highly structured nanoshells contain 
many hot spots, which should be useful for a number of scattering-based applications of 
nanoshells including surface-enhanced spectroscopy36 and photothermal therapy.37, 38 Based on 
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similar synthetic strategy, silver nanoshells with tunable sizes were synthesized in a facile 
manner. Typical reaction finished within 30 minutes and guaranteed a close to 100% yield. It's 
discovered that the surface morphology of the silver nanoshells strongly depends on the 
surfactant and reducing agent. Flagellate bacterium-like structures with interesting morphologies 
were also synthesized by slight modification of the seed-mediated method for the syntheses of 
gold nanoshells. The structured nanoshells reported here mimic the topographies of many 
biological and environmental particles such as dendritic cells and pollen grains, providing 
opportunities to systematically investigate the effects of particle surface topology on the 
interactions with living systems. Based on the capability of the surfactant-assisted seed growth 
method to generate a wide range of different shapes of nanoparticles, the templated surfactant-
assisted seed growth method reported here should provide new opportunities in the synthesis 
and application of metal nanoparticles. 
 
3.5 References 
1. Sanchez-Gaytan, B. L.; Qian, Z.; Hastings, S. P.; Reca, M. L.; Fakhraai, Z.; Park, S.-J., J. 
Phys. Chem. C 2013, 117, 8916-8923. 
 
168 
 
2. Chen, X.-J.; Sanchez-Gaytan, B. L.; Qian, Z.; Park, S.-J., WIREs Nanomed. 
Nanobiotechnol. 2012, 4, 273-290. 
3. Sau, T. K.; Rogach, A. L., Adv. Mater. 2010, 22, 1781-1804. 
4. Mirin, N. A.; Halas, N. J., Nano Lett. 2009, 9, 1255-1259. 
5. Guerrero-Martanez, A.; Barbosa, S.; Pastoriza-Santos, I.; Liz-Marzan, L. M., Curr. Opin. 
Colloid Interface Sci. 2011, 16, 118-127. 
6. Levin, C. S.; Kundu, J.; Barhoumi, A.; Halas, N. J., Analyst 2009, 134, 1745-1750. 
7. Bardhan, R.; Lal, S.; Joshi, A.; Halas, N. J., Acc. Chem. Res. 2011, 44, 936-946. 
8. Oldenburg, S. J.; Westcott, S. L.; Averitt, R. D.; Halas, N. J., J. Chem. Phys. 1999, 111, 
4729-4735. 
9. Leong, E. S. P.; Liu, Y. J.; Wang, B.; Teng, J., ACS Appl. Mater. Interfaces 2011, 3, 
1148-1153. 
10. Wang, H.; Goodrich, G. P.; Tam, F.; Oubre, C.; Nordlander, P.; Halas, N. J., J. Phys. 
Chem. B. 2005, 109, 11083-11087. 
11. Wang, H.; Fu, K.; Drezek, R. A.; Halas, N. J., Appl. Phys. B: Lasers Opt. 2006, 84, 191-
195. 
 
169 
 
12. Rodriguez-Fernandez, J.; Funston, A. M.; Perez-Juste, J.; Alvarez-Puebla, R. A.; Liz-
Marzan, L. M.; Mulvaney, P., Phys. Chem. Chem. Phys. 2009, 11, 5909-5914. 
13. Sanchez-Gaytan, B. L.; Park, S.-J., Langmuir 2010, 26, 19170-19174. 
14. Sanchez-Gaytan, B. L., Lamkin Swanglap, Thomas J. Pattanawit , Robert J.  Hickey, 
Zahra Fakhraai, Stephan Link, So-Jung Park, J. Phys. Chem. C. 2012, 116, 10318-10324. 
15. Hirsch, L.; Gobin, A.; Lowery, A.; Tam, F.; Drezek, R.; Halas, N.; West, J., Ann. Biomed. 
Eng. 2006, 34, 15-22. 
16. Jana, N. R.; Gearheart, L.; Murphy, C. J., J. Phys. Chem. B. 2001, 105, 4065-4067. 
17. Oxtoby, D. W.; Gillis, H. P.; Campion, A., Thomson Learning, Inc. 2008, pp A.45. 
18. Au, L.; Lu, X. M.; Xia, Y. N., Adv. Mater. 2008, 20, 2517-2522. 
19. Skrabalak, S. E.; Chen, J.; Sun, Y.; Lu, X.; Au, L.; Cobley, C. M.; Xia, Y., Acc. Chem. 
Res. 2008, 41, 1587-1595. 
20. Ha, T. H.; Koo, H.-J.; Chung, B. H., J. Phys. Chem. C. 2006, 111, 1123-1130. 
21. DuChene, J. S.; Niu, W.; Abendroth, J. M.; Sun, Q.; Zhao, W.; Huo, F.; Wei, W. D., 
Chem. Mater. 2013. 
 
170 
 
22. Wang, Z. L.; Gao, R. P.; Nikoobakht, B.; El-Sayed, M. A., J. Phys. Chem. B. 2000, 104, 
5417-5420. 
23. Garg, N.; Scholl, C.; Mohanty, A.; Jin, R., Langmuir 2010, 26, 10271-10276. 
24. Bendito, E.; Carmona, A.; Encinas, A. M.; Gesto, J. M.; A, G.; mez; Mouri, C.; M. T, S.; 
nchez, J. Comput. Phys. 2009, 228, 3288-3306. 
25. Matlab Central. http://www.mathworks.com/matlabcentral/newsreader/view_thread/21747 
(Aug 29, 2014),  
26. Millstone, J. E.; Wei, W.; Jones, M. R.; Yoo, H.; Mirkin, C. A., Nano Lett. 2008, 8, 2526-
2529. 
27. Filankembo, A.; Giorgio, S.; Lisiecki, I.; Pileni, M. P., J.Phys.Chem.B. 2003, 107, 7492-
7500. 
28. Magnussen, O. M., Chem. Rev. 2002, 102, 679-726. 
29. Smith, D. K.; Miller, N. R.; Korgel, B. A., Langmuir 2009, 25, 9518-9524. 
30. Brinson, B. E.; Lassiter, J. B.; Levin, C. S.; Bardhan, R.; Mirin, N.; Halas, N. J., Langmuir 
2008, 24, 14166-14171. 
 
171 
 
31. Oldenburg, S. J.; Averitt, R. D.; Westcott, S. L.; Halas, N. J., Chem. Phys. Lett. 1998, 
288, 243-247. 
32. Nehl, C. L.; Liao, H.; Hafner, J. H., Nano Lett. 2006, 6, 683-688. 
33. Jiang, Z.-j.; Liu, C.-y., J.Phys.Chem.B. 2003, 107, 12411-12415. 
34. Liu, T.; Li, D.; Yang, D.; Jiang, M., Colloids and Surfaces A: Physicochemical and 
Engineering Aspects 2011, 387, 17-22. 
35. Jackson, J. B.; Halas, N. J., J.Phys.Chem.B. 2001, 105, 2743-2746. 
36. Doering, W. E.; Nie, S., J. Phys. Chem. B. 2001, 106, 311-317. 
37. Lal, S.; Clare, S. E.; Halas, N. J., Acc. Chem. Res. 2008, 41, 1842-1851. 
38. Huang, X.; Jain, P.; El-Sayed, I.; El-Sayed, M., Laser Med. Sci. 2008, 23, 217-228. 
 
 
 
 
 
 
 
172 
 
4. Raspberry-like Metamolecules Exhibiting Strong M agnetic Resonances* 
 
    Closely-packed raspberry-like gold nanoparticle clusters were successfully synthesized via a 
templated surfactant-assisted seed-growth method. Both experimental results and finite-
difference time-domain modeling demonstrated that these nanoparticle clusters exhibited strong 
magnetic resonances, which are attributed to the close-packing of a large number of 
nanoparticles that are distanced a few nanometers from each other, while being protected from 
touching each other due to a coating of the surfactant. 
This work was done in collaboration with the group of Professor Zahra Fakhraai at the 
Department of Chemistry, University of Pennsylvania. 
*Zhaoxia Qian, Simon P. Hastings, Chen Li, Brian Edward, Christine K McGinn, Nader Engheta, 
Zahra Fakhraai*, So-Jung Park*. Submitted to ACS nano. 
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4.1 Introduction 
Coupling of the magnetic field of light with matter can enable an unprecedented control and 
manipulation of light-matter interactions.1, 2 It has been proposed that sub-wavelength metal 
nanoparticles arranged into a two dimensional ring structure or three-dimensional clusters can 
support magnetic resonances at optical frequencies.3 This unusual property of metal nanoparticle 
clusters, which are often termed “metamolecules”, has stimulated new exciting applications such 
as plasmonic cloaking4, superlenses5, and enhanced nonlinear optical properties.6 
The majority of the effort in this area thus far has been focused on two-dimensional arrays 
fabricated by lithographic techniques2 or by the assembly of pre-synthesized nanoparticles on 
solid substrates7-11. Compared to such two-dimensional structures, three-dimensional clusters 
fabricated by solution chemistry are advantageous, as they can be produced in large quantities at 
low cost and are compatible with solution processing for the fabrication of metamaterials.  In 
addition, isotropic metal nanoparticle clusters prepared by solution phase methods show 
orientation-independent optical and magnetic responses, which are difficult to achieve in 
lithographically fabricated structures. Recently, several approaches have been reported for the 
fabrication of three-dimensional clusters of metal nanoparticles showing magnetic resonances.12-
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16 For example, Urban et al. reported the fabrication of three-dimensional gold nanoparticle 
clusters by the self-assembly of polystyrene-grafted gold nanospheres and an amphiphilic 
polymer, polystyrene-block-poly(acrylic acid) (PS-b-PAA).15 In another example, Sheikholeslami 
et al. fabricated a shell-type metamolecule by assembling silver nanoparticles around polystyrene 
(PS) core through streptavidin-biotin interactions.13  The main challenge in realizing stronger 
magnetic resonances in such nanoparticle clusters is to further reduce the interparticle distance 
while simultaneously preventing the particles from contacting each other, which is difficult to 
achieve through typical self-assembly routs..   
Here I developed a new synthetic approach to prepare isotropic shell-type gold nanoparticle 
clusters exhibiting strong magnetic resonances. The synthetic method, which is based on 
templated surfactant-assisted seed-growth method, allows for an in-situ formation and assembly 
of gold nanobeads and yields raspberry-like structures where gold nanobeads are closely packed 
within a few nanometers separation (Figure 1A).  The aromatic surfactant used in the synthesis 
acts as an effective dielectric coating on gold nanobeads, and prevents them from contacting 
each other. The resulting nanoparticle clusters, which are termed here “raspberry-like meta-
molecules (raspberry-MM)”, showed unusually strong magnetic resonances, yielding broad SPR 
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bands in the visible and near-IR region.  The magnetic dipole resonance in the raspberry-MM 
increased with the size and the number of gold nanobeads in the assembly.  Both experimental 
data and finite-difference time-domain (FDTD) simulations showed that the magnetic dipole can 
be even larger than that of electric dipole resonance in large raspberry-MMs synthesized here.  In 
addition, mode analyses revealed that the large raspberry-MM may also support magnetic 
quadrupole resonance, which has not been observed in other colloidal systems.  These results 
demonstrate that the synthetic method described here provides unparalleled ability to closely 
pack large numbers of well-insulated plasmonic nanobeads, which is the key requirement for the 
fabrication of metamolecules showing strong high frequency magnetic resonances.   
 
4.2 Materials and Methods 
4.2.1 Syntheses of Isotropic Raspberry-like Metamol ecules. Isotropic raspberry-like 
metamolecules (raspberry-MMs) were synthesized by the Ag-seed assisted method reported 
previously.1 Carboxylate-modified FluoSpheres® (diameter: 60 nm, 100 nm, 200 nm, 4% wt 
solids for 60 nm fluospheres , 2 % wt solids for 100 nm and 200 nm fluospheres, 100 µL) were 
mixed with an aqueous solution of Ag(NH3)2
+ (0.01 M, 100 µL) for 30 min. Then the mixture was 
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washed by centrifuging at 16,000 rpm for 30 minutes and redispered into nanopure water. The 
same washing procedure was repeated once and the precipitate was dispersed into 500 µL of 
water. Then an aqueous solution of freshly prepared NaBH4 (0.01 M, 100 µL) was added to the 
solution with vigorous mixing. The seed solution was aged overnight and then centrifuged at 
16,000 rpm for 30 minutes and replaced the supernatant with 5 mL water.  
     Typical growth solution was prepared by mixing aqueous solutions of benzyl dimethyl 
hexadecyl ammonium chloride (BDAC) (0.1 M, 10 mL), HAuCl4 (0.01 M, 421 µL), AgNO3 (0.01 M, 
64 µL) and ascorbic acid (0.1 M, 67 µL) sequentially. 35 to 110 µL of seed solution (detailed seed 
amount was illustrated in the main text), was added to the growth solution (10 mL) followed by 
gentle mixing (a few seconds). Color started developing after approximately ten minutes and the 
reaction was completed in more than 2 hours. 
     The as-synthesized raspberry-MMs were cleaned once by centrifugation at 3000 rpm for 10 
min and then resuspended in a 0.8 mg/mL PEG5000 (Sigma Aldrich) aqueous solution. The 
solution was centrifuged to remove excess PEG after overnight stirring.Then the raspberry-MMs 
were redispersed in ethanol for at least four hours and further sonication was exerted.  
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    Raspberry-MMs or nanoshells with similar surface morphologies can be synthesized when the 
BDAC surfactant is replaced by other surfactants with similar structures such as benzyl dimethyl 
dodecyl ammonium chloride (BBDAC), benzyl dimethyl tetradecylammonium chloride (BDTAC), 
benzyl dimethyl stearyl ammonium chloride (BDSAC) or cetyl pyridinium chloride (CPC) while all 
other conditions are kept the same. 
4.2.2 Characterization. Transmission electron microscope (TEM) images were taken with a 
JEOL TEM-2010 at an accelerating voltage of 200 kV. Energy-dispersive X-ray spectroscopy 
(EDX) measurement was carried out using a JEOL 2010F at an accerlerating voltage of 200 
kV.Scanning electron microscope (SEM) images were taken with a Quanta 600 FEG Mark II SEM 
at an accelerating voltage of 30 kV. An Agilent 8453 UV-visible spectrophotometer was used for 
measuring extinction spectra.  
4.2.3 Measurement of Scattering Spectra of Colloida l Samples. The instrument set-up was 
shown in Scheme 5. The laser beam (supercontinuum laser, Fianium SC450) was dispersed 
using an equilateral prism (Thorlabs PS853) and then spectrally filtered using an iris. The prism 
and laser were mounted on a rotational stage that was actuated using a stepper motor. Using a 
beam sampler (Thorlabs BSF10A) a small portion of the beam was directed to a spectrometer 
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(StellarNet Inc. GreenWave Radio Spectrometer), in order to tune and monitor the beam 
spectrum. The beam was modulated at 1 kHz using a chopper (Thorlabs MC2000) and polarized 
using a Glan-Taylor polarizer with an extinction ratio of 100,000:1 (Thorlabs GT10).  The light was 
then focused down toward a cuvette (Thorlabs CV10Q700F) containing the particle suspension, 
however, along this path another beam sampler was placed, directing a portion of the energy to a 
power meter (Thorlabs PM320E & S120C). A portion of the remaining light scattered off of the 
particles and was collected by an imaging lens.  Directly behind the lens was an iris that limited 
the light to only the scattering that was approximately 5 degrees off of normal to  the 90 degree 
angle.  Another polarizer was used to select the polarization of the scattered light.  An iris at the 
back focal plane of the imaging lens was used to spatially block all light not originated from the 
particle suspension.  The remaining light illuminated a high speed detector (Thorlabs PDA36A).   
 
 
 
 
 
 
Scheme 5.  Instrument setup for measuring scattering spectrum from colloidal suspensions. Here 
α, β denote the polarization angle of the input and output polarizers, respectively. 
degree angle (0o) means the polarization direction perpendicular to the optic
means the polarization direction parallel to the optical table 
from the laser).   
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(i.e., perpendicular to the incident light 
 
The zero 
al table while 90o 
 
180 
 
    For each data collection run, the input and output polarization angles were manually set.  A 
home-built LabVIEW software program was used to automate the data collection.  To begin the 
data collection, the position of the stepper motor, controlling the angle of the prism was adjusted 
to yield the beginning wavelength.   The wavelength of maximum intensity, passing through the 
iris at that given angle and the reference power were both recorded within the LabVIEW program 
at each stepper motor position.  Additionally, an oscilloscope was used to obtain the signal from 
the detector using a chopper as a trigger.  The signal was averaged over 16 collections at 1 kHz 
chopper frequency to remove the static background noise, and the amplitude of the signal was 
recorded.  The stepper motor then advanced to the next wavelength and the process was 
repeated until the full spectrum was collected.  The final result was corrected for slow drifts in 
laser power levels by normalizing the 1 kHz detector signal by the power meter.   
    The incident power at both polarizations were calibrated by placing the detector assembly in 
the beam path with no cuvette present, the lens removed, and the amplifier set to unity gain.  All 
other results were normalized by the appropriate incident power.  Extinction measurements were 
collected with the detector assembly in the beam path with no lens and unity amplification as in 
the calibration case. Because the polarizers could not be removed, the extinction spectra was 
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constructed by combining the data collected with both polarizers set to 90 degrees and both 
polarizers set to 0 degrees. This can introduce a small error due to the imperfect repetition of the 
wavelength selection, but this error was typically very small compared to the separation between 
data points (often zero to the accuracy of the spectrometer, and almost always less than 5 nm). In 
the extinction measurements, the α=0/β=90 and α=90/β=0 terms were found to be small and 
neglected. For those measurements, the transmitted signal was subtracted from the light 
transmitted through a cuvette filled with water, and the resulting difference was then divided by 
the water signal. Local smoothing was applied to the water transmission curves and the power 
calibration curves using a standard local 2nd order polynomial smoothing routine in MATLAB® 
Calibration curves were interpolated where necessary using cubic interpolation. Background 
processes such as multiple scattering and small levels of chirality due to heterogeneity can 
appear as magnetic scattering at 90 degrees or electric scattering at 0 degree. These were 
estimated by examining the α=0/β=90 and α=90/β=0 polarization configurations, and are included 
with the data set. These measurements were also used to estimate errors due to multiple 
scattering and other background processes for the electric scattering α=0/β=0 and the magnetic 
scattering at α=90/β=90, respectively. 
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4.2.4 Calculation of Bead Position. The modeled structures were constructed using a molecular 
dynamic simulation, in which a collection of spherical nanoparticles were forced to collapse onto a 
spherical surface using a first-order Euler method. The force applied to the beads had three 
components.  First, an asymmetric harmonic force with an equilibrium position equal to the bead 
diameter was applied between the beads. The force between each pair of beads was only applied 
when the interbead distance was less than the equilibrium distance, creating a purely repulsive 
force (F=-(x-2Rbead)k, where k is positive for x<2Rbead, k=0 for x≥2Rbead, and Rbead is the bead 
radius,  x is the distance between the center of the two beads). A second force was applied 
between the beads and the simulated polystyrene core. This force was asymmetric and centered 
on distance equal to sum of the core radius and the bead  radius (F=k'(x-Rcore-Rbead), where k' 
varies for positive and negative (x-Rcore-Rbead) term and Rcore is the radius of the PS core).  The 
attractive force was set to be fifty times weaker than the repulsive force so that beads were forced 
to aggregate onto the surface regardless of the forces excerted by the beads above them. Here 
the harmonic forces are described relative to the axis connecting the objects. A third weak 
damping force proportional to the velocity (F= - yV, where y is a positive damping constant) was 
applied to the beads in order to force the system to converge. 
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4.2.5 Finite-difference Time-domain (FDTD) Simulati on. Finite-difference time-domain (FDTD) 
simulations were performed using the Lumerical Solutions, Inc. FDTD package. For the FDTD 
simulations, a broadband pulse was injected into the cubic simulation region enclosing the 
structure, with perfectly matched layer (PML) boundary conditions. Beads were modeled as a 
gold core and a thin dielectric shell with polystyrene index of refraction. This layer is used to 
mimic the BDAC surfactant on the surface of individual gold nanoparticles due to its similar 
reflective index with BDAC. The thickness of the dielectric layer was adjusted to be 1 nm in order 
to guarantee a minimum Au-Au surface distance of around 2 nm in adjacent beads (Figure 4.8). 
The number of beads used for the simulations was 90, 100 and 800 for models with small, 
medium and big PS core in Figure 4.A5, respectively. The number of nanobeads may be slightly 
underestimated, as some of the loosely bound nanobeads can be detached from the clusters. 
However, the isolated Au nanobeads were rarely observed on TEM images and the profiles of the 
simulated spectra of the raspberry MMs are found to be insensitive to small (10%) variations of 
the number of the nanobeads (Figure 4.A1). The dielectric properties of gold and polystyrene 
were obtained from CRC database and elipsometric measurements, respectively, as shown in 
previous work.1 It is worth noting that the calculated electric and magnetic fields in the simulation 
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box can bevery sensitive to the chosen mesh size for the simulation. In particular, raspbery-MMs 
contain many hotspots in the small gap between the nanobeads. Therefore, extensive 
convergence tests with different mesh sizes were performed to find an appropriate mesh size 
where the simulation becomes self-consistent. In previous work,2 we have found that the near 
field polarization currents, calculated based on the near-field values of the electric field, yield 
slightly higher values of cross-section for various multimodes, compared to the cross-section 
values calculated in the far-field FDTD Solutions calculated based on far-field surface integration. 
This is most probably due to the fact that FDTD slightly overestimates the values of the field in 
these hotspots. Therefore, in the Rasberry-MMs, where many of these hotspots exist, the values 
of the field and polarization currents may not be very accurate. However, these discrepancies 
rapidly decay with distance from the surface of the particles and will not strongly contribute to the 
far-field values as  shown in an earlier publication.2 As a result the conclusions presented in this 
paper are not affected by these potential artifacts. 
4.2.6 Calculation of Cross Section. In order to determine the cross section contributions of 
individual modes in the scattering cross-section, the scattered electric field was decomposed into 
individual vector spherical harmonic modes3: 
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In this equation, S(M)
mna  and 
S(N)
mna  represent the expansion coefficients of the  electric and 
magnetic modes respectively, while m nM
uur
 and mnN
uur
 are the vector spherical harmonic wave 
functions of the electric and magnetic modes respectively. In this expansion n is an integer with, n 
= 1 corresponding to dipolar modes, n = 2 corresponding to quadrupolar modes and n = 3 
corresponding to octopolar modes and so on and so forth. For each n , m takes integer values 
between m = -n to m = n. The incident electric field can be expanded in a similar fashion using 
the regularized wave functions, Rg M
uur
 and Rg N
uur
, for the incident electric and magnetic 
modes3: 
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The terms in (2) are known apriori from the intensity, direction and the polarization of the incident 
wave. The terms in (1) can then be extracted from the scattered field calculated using the FDTD 
simulation. Using the built-intotal field scattered field (TFSF) source in the Lumerical FDTD 
simulation package, the scattered field can be determined in the region outside the particle, 
where the incident field has already been subtracted. From this point, the r-component of the 
scattered electric and magnetic fields ( and ) can be used to determine the electric and 
(1) 
(2) 
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magnetic multipole coefficients respectively. To determine the cross sections it was assumed that 
all scattered light of a particular mode was the result of the incident light of that mode (i.e., no 
mode mixing occured). This assumption is always correct for a spherically symmetric structure,3 
but does not have to be correct apriori in a complex, self-assembled structure. However, the 
strong agreement between the sum of terms calculated based on this assumption and the total 
scattering suggest that such effects are small and can be ignored. With this assumption the ratio 
of the incoming and scattered fields for each value of n can be calculated as the scattering cross-
section of each multipole mode.   Reported cross sections have been summed over all m values 
for a given n. The specific formulation chosen was that presented in Scattering of 
Electrocmagnetic Waves, Theories and Applications, by Tsang, Kong, and Ding (2000), equation 
(2.7.19)3 . 
     The donut structure shown in Figure 4.A7 and 4.A8 was modeled by placing 12 spherical 
beads (a gold core with a radius of 15 nm and a 1-nm-thick dielectric shell) around a polystyrene 
core with a radius of 44 nm. The propagation and polarization direction of the incident plane wave 
was fixed while three different orientations of the donut structure were considered (left column). 
The total absorption, scattering and extinction cross sections (middle column) were directly 
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calculated from the far-field radiated power normalized to the incident field intensity. Electric field 
recorded within the structure was used to calculate the polarization current (J
ur
 ). The electric 
dipole ( p
ur
 ) and magnetic dipole (m
ur
 ) moments were calculated using the polarization currents 
and the following equations: 
( )d
i
p J r' V
ω
= ∫
ur ur ur  
1
' ( ')d
2
m r J r V= ×∫
ur ur ur ur  
The far-field scattering cross section of each dipole moment (right row) can be then calculated 
using  the following equations for the scattering power 4:  
2
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4.3 Results and Discussions 
4.3.1 Colloidal synthesis of isotropic raspberry-li ke metamolecules.   
     The raspberry-MMs were synthesized by a templated surfactant-assisted seed growth 
method as schematically described in Figure 4.1A.  Briefly, a solution of PS cores decorated with 
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silver seeds (seed solution) was mixed with a growth solution containing an aromatic surfactant, 
benzyl dimethyl hexadecyl ammonium chloride (BDAC), HAuCl4, silver nitrate and ascorbic acid 
(Figure 4.1A).  This procedure is similar to our previously reported method used to produce spiky 
nanoshells17, 18 except that BDAC is used instead of CTAB as a surfactant.  The synthetic method 
results in a raspberry-like structure composed of a PS core decorated with a large number of gold 
nanobeads in nearly 100% yield (Figure 4.1B, Figure 4.2).   Scanning electron microscope (SEM) 
and transmission electron microscope (TEM) images show closely packed gold nanobeads 
forming the raspberry-like structure (Figure 4.1B, Figure 4.3).  The gold nanobeads composing 
the raspberry-MMs maintained their discrete structure without fusing together.  In comparison, 
nanoshells synthesized with alkyl surfactants such as hexadecyl trimethyl ammonium chloride 
(CTAC) instead of aromatic surfactant, form fused nanoshells.17  This result indicates that BDAC 
can act as an efficient protecting layer.  Note that the key requirement in fabricating plasmonic 
three-dimensional meta-molecules with strong magnetic resonances is to closely pack metal 
nanoparticles in a circular geometry without making contacts.3  The discrete nature of gold 
nanobeads in the clusters synthesized here can be demonstrated by replacing BDAC coating with 
thiolated polyethylene glycol (PEG) (Mw=5000 g/mol) and then dispersing them in ethanol. This 
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procedure separated gold nanobeads from each other due to the swelling of PEG in ethanol, 
resulting in a satellite structure (Figure 4.1C).  Gold nanobeads in the swollen satellite structure 
were still weakly associated at the stage.  However, the nanobead network was broken apart 
upon sonication (Figure 4.1D, E, Figure 4.4).  This observation confirms that tightly-packed gold 
nanobeads in the raspberry-MM are not in physical contact, as they are well-protected by the 
BDAC layers.  This disassembly procedure allowed us to analyze the size, number, and shape of 
the beads in great detail. The beads were predominantly spherical or quasi-spherical in shape 
with a few triangular and rod-like structures (Figure 4.1C). The structural parameters obtained 
from the measurements are listed in Table 7.  
The raspberry-MMs exhibited broadband extinction spectra covering from 500 nm to over 1200 
nm with distinct resonance peaks at 658 nm, 943 nm, and 1222 nm (Figure 4.1E, cyan). The 
disassembled Au beads, on the other hand showed an SPR band at 552 nm (Figure 4.1E, red), 
which is slightly red-shifted compared to the SPR band position (526 nm) of isolated spherical 
nanoparticles of similar size in ethanol.19, 20 This slight red-shift is probably due to some 
remaining loosely-associated beads21 and the PEG coating.  Nonetheless, the extinction spectra 
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and TEM measurements confirm that most Au beads maintain well-isolated structures in 
raspberry-MMs. 
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Figure 4.1.  (A) Schematic description of the synthesis of raspberry-MMs by the templated 
surfactant-assisted seed growth method and the disassembly procedure used to separate the Au 
nanobeads from the PS template. (B) An SEM image of a typical raspberry-MM sample (MM_1) 
prepared with a PS template with the diameter of 184 ± 9 nm.  Detailed synthetic conditions and 
size parameters are shown in Table 7. (C) Typical TEM images of the PEG-grafted raspberry-
MMs redispersed in ethanol for 2 hours. (D) UV-Vis spectra of the raspberry MMs shown in B 
(cyan), the swollen raspberry-MMs shown in C (black) and the disassembled nanoparticles 
obtained by 2 hr sonication of the sample in C (red). See Figure S5 for the TEM image of 
disassembled nanoparticles.  The inset is a picture of the synthesized raspberry-MMs in B (right) 
and the dissembled structure after sonication (left). 
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Table 7.  Synthetic conditions and size parameters of raspberry-MMs presented in this chapter 
(Vseed: volume of seed solution mixed with 10 mL of growth solution; Dcore: diameter of PS core; 
Rbead: radius of Au nanobeads; Nbead: the number of Au nanobeads in each raspberry-MM; DRMM: 
diameter of raspberry-MMs).  Size parameters used in FDTD simulations are also given along 
with experimental parameters. 
Samples Experimental parameters Simulation parameters 
Fig. 
No.                                                                                                                          
Sample 
No.
Vseed 
/µL 
Dcore 
/nm 
Nbead Rbead 
/nm 
DRMM 
/nm 
Dcore 
/nm 
Nbead Rbead 
/nm 
DRMM 
/nm 
1B 
2B 
MM_1 
MM_2 
35 
70 
184± 9 
94.5±7.2 
>400 
93±10 
17.6±3.9 
11.8±2.8 
337 ± 4 
164±14 
184 
96 
800* 
100 
14 
12 
340 
161 
2C MM_3 50 94.5±7.2 104±21 13.8±3.2 176±14 96 100 13 175 
2D  MM_4 35 94.5±7.2 98±10 16.3±3.8 198±14 96 100 16 195 
2E MM_5 20 94.5±7.2 97±15 19.4±5.4 228 ±23 96 100 19 230 
3B MM_6 35 56.4±6.4 71±6 15.4±4.2 151±13 56 90 10.5 130 
3D MM_7 110 184± 9 >400 12.5±2.1 290±16 184 800* 11 287 
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*The number of beads used in the simulation was chosen to match the overall size of the 
actual raspberry-MMs with that of the model structure. 
 
Figure 4.2.  Energy-dispersive X-ray spectrum (EDS) of typical raspberry-MMs, indicating that the 
beads are made of gold.  The peaks labeled with *, @, # are assigned to Si, Cr and Cu 
background, respectively. 
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Figure 4.3. TEM image of a typical raspberry MM (MM_1). Detailed size information and 
synthetic conditions are given in Table 7. 
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Figure 4.4.  TEM images of PEG-modified raspberry-MMs (MM_1) in ethanol after sonication for 2 
hours. 
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4.3.2 Optical Characteristics of Raspberry MMs with  Varying Structural Parameters   
It is well-known that the optical properties of metallic nanoparticle clusters are strongly 
dependent on the size and the number of particles composing the clusters as well as interparticle 
distance.21, 22  In the synthetic method presented here, those parameters can be readily controlled.  
Figure 4.5 presents SEM images and extinction spectra of a series of raspberry-MMs composed 
of different sized Au beads fabricated on the 94.5 nm core (see Figure 4.6 for TEM images).  The 
average number of beads was kept constant at about 100 (Figure 4.7) for all four samples (Table 
7).  The radius of the beads was increased from 11.8±2.8 nm to 19.4±5.4 nm by adjusting the 
volume ratio between the seed and the growth solution (Vseed/Vgrowth) (Figure 4.5).  All four clusters 
showed broadband extinction spectra (Figure 4.5F, top) composed of mainly two peaks, covering 
visible and near-IR region.  The low frequency peak showed a red-shift with increasing Au beads, 
and the bandwidth became broader with the bead size.   
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Figure 4.5.  Raspberry-MMs composed of different-sized Au beads. (A-E) Schematic description 
(A) and SEM images (B-E) of raspberry-MMs with increasing bead size. (F) Experimental (top) 
and simulated (bottom) extinction spectra of samples in B (MM_2, red), C (MM_3, black), D 
(MM_4, blue), and E (MM_5, cyan).  The synthetic conditions and structural parameters are 
summarized in Table 7. The insets in (B-D) show the cross section of the simulation model. (G) A 
model for the cluster shown in D used in FDTD simulations.  Each bead is made of a gold bead 
covered with 1 nm dielectric to mimic the BDAC surfactant.  
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Figure 4.6.  TEM images of raspberry MMs of different sizes with a fixed PS template diameter of 
94.5 ± 7.2 nm. Sample in (A), (B), (C), (D) are MM_2, MM_3, MM_4, MM_5. Detailed size 
information and synthetic conditions are given in Table 7.  
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Figure 4.7.  (A-D) TEM images of swollen PEG-modified raspberry-MMs presented in Figure 2 
(MM_2 (A), MM_3 (B), MM_4 (C) and MM_5 (D)). These samples were prepared with PS 
template with the diameter of 94.5±7.2 nm. Detailed size information and synthetic conditions are 
given in Table 7. (E) Size distribution histograms of gold nanobeads in images A-D constructed 
by counting about 100 particles in each sample. 
 
E 
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    Finite-difference time-domain (FDTD) modeling (Lumerical Solutions, Inc.) was carried out to 
investigate the broad profile of the extinction spectra (Figure 4.5F, bottom).  To generate realistic 
models of raspberry-MMs, a separate molecular dynamics algorithm was used to randomly pack 
Au beads on the surface of a PS template (See Materials and Methods section for more details). 
Structural parameters such as the PS core diameter and the number and the size of gold 
nanobeads were chosen based on experimental values (Table 7).  All models were constructed 
with Au beads coated with 1-nm-thick dielectric (Figure 4.5G), which generated nanoparticle 
clusters with the average nearest neighbor bead-to-bead distance of about 2.0 nm (Figure 4.8); 
this is a reasonable number considering the thickness of BDAC layer (Figure 4.9). The 
coordinates of each nanobead obtained from the simulation were then imported into the 
Lumercial software for FDTD modeling.  The details of FDTD modeling have been reported in our 
earlier publications.17, 23 Extensive tests were carried out to make sure that the simulated results 
converge (Figure 4.A2, 4.A3).  The spectroscopic features and major peak positions of simulated 
spectra of this set of raspberry-MMs (Figure 4.5B-D, Figure 4.A4) exhibited similar profiles and 
peak positions as those of experimental spectra (Figure 4.5F). The fine features of sharp peaks in 
the simulated spectra are related to the narrow distributions in bead sizes and interparticle 
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distances in the modeled raspberry-MMs, which should be smoothed and broadened in the 
experimental ensemble spectra. The close agreement between the simulation and the 
experimental peak positions indicates that the assumptions made about the interparticle 
distances were appropriate.  
 
Figure 4.8.  Histogram of nearest neighbor surface-to-surface distance between Au beads for 
different types of raspberry-MMs. Simulation parameters are: (A) Nbead=90, Dcore=56 nm, 
Rbead=10.5 nm (B) Nbead=100, Dcore=96 nm, Rbead=12 nm (C) Nbead=100, Dcore=96 nm, Rbead=13 nm 
(D) Nbead=100, Dcore=96 nm, Rbead=16 nm (E) Nbead=100, Dcore=96 nm, Rbead=19 nm (F) Nbead=800, 
Dcore=184 nm, Rbead =11 nm (G) Nbead=800, Dcore=184 nm, Rbead=14 nm. The parameters, Nbead, 
Dcore, and Rbead represent the number of beads, the diameter of the PS core, and the radius of Au 
beads. 
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Figure 4.9.  Schematic description of the BDAC layer on Au nanobeads in raspberry-MMs.  In the 
left hand-side figure, white, grey, green, yellow balls represent hydrogen atoms, carbon atoms, 
nitrogen atoms, and chloride ions, respectively.  The green ellipsoid and blue lines in the right 
hand-side figure represent the hydrophilic head and hydrophobic tail of BDAC, respectively. The 
orange spheres represent gold nanoparticles. The surfactant molecules and the nanoparticles are 
not drawn to scale. 
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The size of the raspberry-MMs can also be tuned by varying the core diameter.  Figure 4.10 
shows the structure and extinction spectra of three different raspberry-MMs prepared with 
different sized PS core (56.4 nm, 94.5 nm, and 184 nm in diameter). The radius of Au beads in 
the three clusters was kept constant at about 13.2 nm (Table 7) by carefully adjusting Vseed/Vgrowth.  
The average numbers of Au nanobeads on the 56.4 nm and 94.5 nm diameter PS core counted 
from TEM images were 71±6, and 93±10, respectively (Table 7, Figure 4.7, 4.11).  The average 
number of Au beads on 184 nm core was estimated to be around 800 from the overall size of the 
cluster, as it was difficult to accurately count the large number of beads for the structure due to 
the overlap of beads around the PS core (Figure 4.12).  The structure parameters for the 
assembly structures are provided in Table 7.  
 The smallest raspberry-MMs exhibited a major peak at 629 nm and a shoulder at 740 nm 
(Figure 4.10E, top, black).  In the medium sized raspberry-MMs, the low-frequency peak slightly 
shifted to 743 nm, and its intensity increased and became comparable to that of 629-nm peak 
(Figure 4.10E, top, red). In the largest raspberry-MMs, the spectrum became broader with three 
major peaks including the lowest frequency peak at 975 nm (Figure 4.10E, top, blue).  In general, 
the extinction spectra of the raspberry-MMs became broader and extended further into the near-
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IR region with increasing the overall size of the assemblies at fixed bead diameters (Figure 4.10E, 
top).   
    The calculated spectrum of the small raspberry MMs shows a strong peak at 595 nm and 
weaker peaks on the low-frequency shoulder, which drops quickly at 733 nm (Figure 4.10E 
(bottom) Figure 4.A5).  Both the peak position and the relative intensities match well with those of 
experimental extinction spectra (Figure 4.10E, top). For medium-sized raspberry MMs, the 
simulated spectrum exhibits multiple peaks between 630 nm and 743 nm and drops quickly after 
the lowest frequency peak (Figure 4.10E (bottom), Figure 4.A5), and again the general spectral 
features match well with those of experimental spectra (Figure 4.10E, top).  The simulated 
spectrum for the large raspberry-MM also exhibits similar spectroscopic features as the 
experimental spectrum with a broad extinction from 630 nm to 978 nm (Figure 4.10E, Figure 
4.A5).  
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Figure 4.10. Raspberry-MMs formed with different sized core. (A-D) Schematic description (A) 
and SEM images (B-D) of raspberry MMs formed with different-sized core (B: MM_6, C: MM_2, D: 
MM_7).  The insets in (B-D) show the cross section of the simulation model. Detailed structural 
parameters are given in Table 7 along with the synthetic condition.  (E) Experimental (top) and 
simulated (bottom) extinction spectra of samples in B (black), C (red), D (blue). 
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Figure 4.11.  TEM images (top) and the size distribution histogram of the bead diameter (bottom) 
for swollen PEG-modified raspberry-MMs (MM_6) presented in Figure 4.10. Detailed synthesis 
and size parameters are shown in Table 7.  
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Figure 4.12  TEM images (A-D) and the size distribution histogram (E) for Au nanobeads of 
swollen PEG-modified raspberry-MMs presented in Figure 4.1 and Figure 4.10. Sample in (B) 
corresponds to MM_7, and sample in (D) corresponds to MM_1. The diameter of the PS template 
used for the syntheses was 184.2 ± 9.4 nm.  The volume of the seed solution added per 10 mL of 
growth solution was (A) 150 µL, (B) 110 µL, (C) 70 µL, and (D) 35 µL, respectively.  To construct 
the size histogram, the area of each gold nanobeads was first measured by ImageJ and the 
E 
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diameter of each gold nanobead was calculated based on the assumption that all nanobeads are 
spherical.  The average diameter of Au nanobeads was determined to be (A) 24.3 ± 5.4 nm, (B) 
25.0 ± 4.3 nm, (C) 30.6 ± 5.7 nm, and (D) 35.2 ± 7.8 nm, respectively. 
 
4.3.3 Magnetic Resonances  
In order to understand the origin of the unusually broadband extinction of raspberry-MMs, the 
scattering, absorption, and extinction cross sections were calculated (Figure 4.13A) for a 
raspberry-MM shown in Figure 4.1B, and the scattered field was resolved into the contributions of 
different electric and magnetic modes24 (Figure 4.13B, see Materials and Methods section for 
more details).  The peak positions of the calculated extinction spectrum (Figure 4.13A, blue) is 
consistent with those of the experimental spectrum (Figure 4.13A, cyan), covering a broad 
spectral range from 500 nm to over 1200 nm with a somewhat higher intensity in the near-IR 
region than that in the visible region. The extinction between 500 nm and 878 nm arises from 
both absorption and scattering, while scattering dominates the spectrum at wavelengths longer 
than 878 nm (Figure 4.13A).   
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The scattering cross section of a large raspberry-MM was decomposed into individual multipole 
components by projecting the FDTD-generated scattered field onto a vector spherical harmonic 
expansion (See Materials and Methods section for details.)  Figure 4.13B presents the calculated 
scattering cross-section for the electric dipole, electric quadruple, electric octopole, magnetic 
dipole, magnetic quadrupole and magnetic octopole as well as the sum of the six spectra.  The 
sum of the component multipoles (Figure 4.13B, navy) matches well with the total scattering 
spectrum calculated using FDTD (Figure 4.13B, brown), demonstrating that these modes 
dominate the far field behavior of these particles.  
The data presented in Figure 4.13B shows that the electric dipole and electric quadrupole 
modes are quite broad without distinct resonance peaks.  This is due to the fact that the structure 
is fairly heterogeneous and the nanobeads are not in contact with each other.17  In a previous 
study we have shown that when the nanostructures are in touch to form a full shell, the electric 
dipole resonance becomes strong and sharp.13 In the raspberry-MMs, the electric dipole and 
quadrupole scattering is predominantly originated from many local dipolar oscillations on single 
particle level and their interactions with each other.  In contrast, distinct and strong resonances 
are observed in magnetic dipole and magnetic quadrupole scattering spectra.  The lowest 
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frequency scattering peak at 1207 nm has a significant contribution from the magnetic dipole 
resonance (Figure 4.13B, cyan).  Significantly, the contribution of magnetic dipole resonance to 
the scattering at the wavelength is even higher than that of the electric dipole scattering (Figure 
4.13B).  Furthermore, a distinct magnetic quadrupole resonance is observed at 995 nm (Figure 
4.13B, magenta).  This position matches well with the second distinct peak at 950 nm in the 
experimental spectra (Figure 4.13A, cyan). The intensity of higher order modes such as the 
electric octopole and magnetic octopole are much weaker than that of the lower order resonance 
modes, confirming that the dipole and quaropole resonances dominate the scattering spectrum. 
The sum of all six modes is in excellent agreement with the total scattering cross-section, 
indicating that mode-mixing is also negligible in these structures.   
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Figure 4.13. Mode analyses of extinction spectra for a raspberry-MM.  (A) Absorption, scattering 
and extinction cross sections of a raspberry-MM calculated with experimentally obtained 
geometric parameters for raspberry-MMs shown in Figure 4.1B (MM_1). The experimental 
extinction spectrum is shown in cyan for comparison.  The inset shows the cross section of the 
simulation model. (B) Calculated scattering cross-section (σ) of different electric and magnetic 
modes and their sum (Ed: electric dipole, Eq: electric quadrupole, Eo: electric octopole, Md: 
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magnetic dipole, Mq: magnetic quadrupole, Mo: magnetic octopole, Sum: sum of the cross 
sections of all six calculated electric and magnetic modes). The total scattering spectrum directly 
obtained by FDTD simulation (labeled as total scat) is also presented for comparison. 
     
    The existence of strong magnetic dipole scattering of these raspberry-MMs was experimentally 
confirmed by measuring the electric dipole and magnetic dipole scattering spectra of these 
particles at 90o scattering angle and at the polarization angles indicated in Figure 4.14A.  See 
supporting information for detailed experimental set-up (Scheme 4.1).  The data collected for the 
raspberry-MMs shown in Figure 4.1B are presented in Figure 4.14B (see Figure 4.A6, 4.A7 for 
additional data), which indeed show intense magnetic dipole scattering. Calculated scattering 
spectra at 90 o angle were obtained for MM_1 model and are presented in Figure 4.14C for 
comparison.  
    Consistent with our prediction (Figure 4.13), the experimental data presented in Figure 4.14B 
shows strong magnetic dipole scattering that exceeds the scattering from the electric dipole at 
wavelengths longer than 850 nm.  Furthermore, despite the complexity of the structure, the 
measured directional scattering intensity profile at 90o angle (Figure 4.14B) agrees fairly well with 
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the corresponding calculated intensity profile shown in Figure 4.14C.  Both the measured and 
calculated scattering intensity from magnetic dipole gradually increases with increasing 
wavelength and peaks in the near-IR region (Figure 4.14B, red).  An interference, which is 
manifested by a sharp dip, is observed at 820 nm in calculated spectra (Figure 4.14C).  Although 
the origin of the dip is currently unknown, a corresponding shallow dip is observed in measured 
spectra at similar wavelength (~ 800 nm) (Figure 4.14B).  Note that the experimental spectra are 
broader than calculated spectra most probably due to the heterogeneity of raspberry-MMs and 
the ensemble averaging.  In addition, simulated scattering spectrum for electric dipole (Figure 
4.14C, black) shows another dip at 1,000 nm (see Figure 4.A13 for the calculated spectra over a 
broader wavelength range). This frequency corresponds to the peak position for magnetic 
quadrupole resonance in the calculated spectrum (Figure 4.13), which implies that the dip is 
associated with an interference with magnetic quadrupole mode.  The experimental verification of 
magnetic quadrupole resonance requires full directional scattering measurements, which will be 
pursued in our future studies.  Nonetheless, the results from the simulation and mode analyses 
presented in Figure 4.13 inform us how to design nanoparticle clusters with magnetic quadrupole 
resonances.   
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    Overall, good agreement between the simulated and experimental spectra indicates that the 
magnetic resonance modes make significant contributions to the scattering in near-IR and the 
broad extinction of raspberry-MM.  The measured scattering intensity for the magnetic dipole 
already exceeds that of the electric dipole at wavelengths over 850 nm (Figure 4.14B).  Since the 
magnetic dipole peak is located at 1,200 nm in the simulated spectra (Figure 4.13, Figure 4.A13), 
the magnetic dipole scattering at that wavelength should be even stronger than the maximum 
value found in the range measured in this study.   
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Figure 4.14.  Experimental measurements for the scattering from the electric and magnetic 
dipoles induced in MM_1. (A) Schematic description of the measurement setup, showing the 
electric field, magnetic field and the propagation directions of the incident polarized laser beam. 
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The polarization direction of the incident and scattering electric field was indicated with α and β, 
respectively. The top figure (α=0o, β=0o) shows the geometry that leads to the electric dipole 
scattering measurements and the bottom figure (α=0o, β=0o) shows the geometry required to 
measure the magnetic dipole scattering. (B) Measured scattering intensity from the electric dipole 
(black curve) and magnetic dipole (red curve) at described polarization directions. The grey area 
and red area represents the possible errors due to background processes such as multiple 
scattering. These errors are measured by the cross polarization configuration (α=0o, β=90o for the 
electric dipole and α=90o, β=0o for the magnetic dipole). (C) Calculated scattering intensity from 
the electric dipole (black curve) and magnetic dipole (red curve) of the model raspberry-MM at the 
scattering angle of 90o with respect to the incident plane wave light source.  
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4.3.4 The Origins of the Magnetic Dipole and Quadru pole Modes 
For a non-magnetic material, magnetic resonances can be created by resonating loops of 
displacement current.3  This can be achieved in closely-packed sub-wavelength metallic 
nanoparticles.3  The boundary conditions at the surfaces of the nanoparticle dictate that the 
direction of the electric field should always be normal to the surface of the particle. Therefore in 
circularly arranged nanoparticles, at each boundary the electric field rotates slightly, leading to a 
full circulation of the light’s electric field at resonance around the raspberry-MMs. This results in 
circularly rotating polarization currents that generates a magnetic field normal to the plane of the 
nanoparticle cluster.25, 26 This phenomenon supports magnetic dipole resonances in the 
Raspberry-MMs studied here (Figure 4.A8, Figure 4.A9). The experimental and simulation results 
presented in Figure 4.5 and 4.10 show that the magnetic resonances become stronger as the 
cluster size becomes larger (Figure 4.13B, Figure 4.A10), consistent with previous reports.14, 27  
Note that the size of nanoparticle clusters can be readily controlled in the presented synthesis 
method, as demonstrated in Figure 4.5 and 4.10, allowing for the control of the strength and the 
peak position of the magnetic resonances.  While magnetic resonances have been previously 
observed in other nanoparticle clusters,9, 10 the raspberry-type assemblies show unprecedentedly 
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strong magnetic dipole resonances due to the small interparticle distances as well as the large 
cluster size achieved by the synthetic approach presented here.  The PS core in raspberry-MMs 
simply acts as a template for the syntheses and it does not significantly affect the optical 
responses of raspberry-MMs (Figure 4.A11).  On the other hand, the spherical shape of the core 
allows for the fabrication of isotropic clusters of nanoparticles exhibiting angle-independent optical 
responses (Figure 4.A12). 
Magnetic quadrupole resonances can be potentially generated by multiple loops of current that 
are separated enough to generate a phase difference between them.28  Note that the cross-
section of a magnetic quadrupole mode is typically very weak, and it is challenging to fabricate 
nanoparticle clusters that can support magnetic quadrupole mode by self-assembly routs.  In our 
synthetic approach, multiple layers of gold nanoparticles can be readily assembled on a PS core, 
where multiple closed current loops can be generated with the necessary phase lag to support 
magnetic quadrupole resonance.   
4.3.5 Raspberry-MMs Synthesized Using Other Surfact ants 
    Since the Au nanobeads were physically separated from each other by the surfactants, tuning 
the alkyl chain length of the surfactant can be an effective route to vary the distance between 
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individual Au nanobeads. Table 8 showed the structure of the surfactants (BDDAC, BDTAC, 
BDSAC and CPC) used in the synthesis (see Materials and Methods section for detailed 
synthesis procedures). Figure 4.15 showed SEM images of the as-synthesized nanostructures 
before and after PEG functionalization and sonication. The surface morphology of these 
nanostructures are very similar, as shown in Figure 4.15A, 4.15C, 4.15E and 4.15G. After PEG 
functionalization and sonication in ethanol for 2hrs, the nanostructures synthesized using BDDAC, 
BDTAC and BDSAC all broke apart to some extent, whereas the nanostructure synthesized using 
CPC still remains intact. This confirms that the nanostructure synthesized using CPC is core-shell 
type while the rest are raspberry-like structures with individual nanoparticles mostly not in 
physical contact. In Figure 4.15B and Figure 4.15D, some of the raspberry-MMs are not as intact 
as the as-synthesized nanoparticles, and a lot of small nanoparticles showed up, probably 
coming from the broken raspberry-MMs. However, there are still a large proportion of raspberry-
MMs with decent coverage of Au beads. As a contrast, the raspberry-MMs in Figure 4.15E mostly 
broke apart after sonication, as shown in Figure 4.15F. This is probably because the distance 
between adjacent beads in raspberry-MMs increases with increasing alkyl chain length in the 
surfactant from BDDAC to BDTAC to BDSAC, therefore, the interaction among the beads 
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becomes weaker and the raspberry-MMs are easier to break apart upon sonication. Figure 4.16 
showed the corresponding extinction spectra of the nanostructures. The extinction spectra of 
raspberry-MMs synthesized using BDDAC, BDTAC and BDAC showed similar broadband feature 
(Figure 4.16). The peak in the near-IR region blue shifted from 815 nm to 780 nm to 765 nm with 
the increasing alkyl chain length of 0.18A for every two carbon-carbon chain from BDDAC to 
BDAC. This is consistent with our finite-difference time-domain (FDTD) simulation that the 
extinction spectra of the raspberry-MMs are very sensitive to the distance between adjacent Au 
nanobeads. Further increasing the alkyl chain length to BDTAC leads to only one single peak at 
around 600 nm, which is representative of weakly associated single nanoparticles. The extinction 
spectra of the nanoshells synthesized using CPC as surfactant exhibited one single broad peak 
which is typical for rough nanoshells.17 The above results showed that tuning the alkyl chain 
length of the aromatic surfactant provides an effective route to tune the distance between 
adjacent Au beads, and consequently tune the optical properties of the raspberry-MMs. 
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Table 8.  Structure of different surfactants used for synthesizing raspberry-like metamolecules. 
From left to right, they are benzyl dimethyl dodecyl ammonium chloride (BDDAC), benzyl 
dimethyl tetradecylammonium chloride (BDTAC), benzyl dimethyl stearyl ammonium chloride 
(BDSAC) and cetyl pyridinium chloride (CPC). 
Figure 4.15.  SEM images of nanostructures synthesized using BDDAC (A, B), BDTAC (C, D), 
 
 
BDSAC (E, F), and CPC (G, H) as surfactant. Here A, C, E, G are as
D, F, H are structures after functionalization via thiolated PEG
sonication for 2hrs. For every 10mL of growth solution, 50 
 
Figure 4.16.  UV-Vis extinction spectra of nanostruc
E (cyan) and G (pink). Blue curve is the extinction spectra of raspberry
BDAC as surfactant.  
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-synthesized structures, B, 
-5000, redispersion in ethanol and 
µL of seed solution was used.
 
tures shown in Figure 4.15 
-MMs synthesized by using 
 
A (black), C (red), 
 
223 
 
4.4 Conclusions 
In summary, we developed a synthetic approach to construct tightly packed isotropic raspberry-
like metamolecules exhibiting strong magnetic resonances.  The synthetic method presented 
here simplifies the fabrication process as it allows for one-pot in-situ synthesis and assembly of 
nanoparticles, where various structural parameters such as the size and the number of Au beads 
can be readily controlled.  The aromatic surfactant, BDAC used here keeps the distance between 
nanoparticles within a few nanometers and maintains the discrete nature of nanoparticles 
composing the clusters.  This method generates well-defined clusters of tightly packed, well-
insulated nanoparticles with controlled aggregation number (i.e., size of clusters), which lead to 
unprecedentedly strong magnetic dipole resonances at optical frequencies, which is verified both 
experimentally and via FDTD simulations. Moreover, the optical properties of the raspberry-MMs 
can be easily tuned by varying the alkyl chain length of the aromatic surfactant. The robustness 
and tunability of the synthetic method presented here and the strong magnetic responses of 
resulting nanoparticle clusters can lead to large-scale manufacturing and wide applications of 
magnetic metamaterials.   
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4.6 Appendix 
 
Figure 4.A1.  Simulated absorption (black), scattering (red) and extinction (blue) spectra of 
individual raspberry MMs with different numbers of beads. Number of beads in each raspberry 
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MM is 100 (A), 90 (B), 75 (C) and 60 (D). The diameters of simulation models are 178 nm (A), 
170 nm (B), 161 nm (C) and 153 nm (D), respectively. Other simulation parameters for the 
raspberry MM are constant with Dcore=56 nm and Rbead=16 nm. The mesh size is 0.9 nm for all 
simulations.  The small (within 20%) reduction in the number of beads in each raspberry MM 
resulted in a slight blue shift of SPR and the reduction of the scattering cross section.  However, 
the overall profile of the absorption, scattering and extinction spectra remains about the same. 
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Figure 4.A2.  Influence of the mesh size on the simulated absorption (black), scattering (red) and 
extinction (blue) spectra of the model constructed with the following geometry parameters: Nbead = 
90, Dcore = 56 nm, Rbead =10.5 nm.  The mesh size used for the simulation was 0.8 nm (A), 0.9 nm 
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(B), 1.5 nm (C), and 2.0 nm (D).  The results indicate that a mesh size of 0.9 nm guarantees the 
convergence of the simulated absorption, scattering and extinction spectra. 
 
Figure 4.A3.  Influence of the mesh size on the simulated absorption (black), scattering (red) and 
extinction (blue) spectra of the model constructed with the following geometry parameters: Nbead 
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=800, Dcore=184 nm, Rbead=14 nm.  The mesh size is 1.2 nm (A), 2 nm (B) and 3 nm (C), 
respectively.  The results indicate that a mesh size of 1.2 nm also guarantees the convergence of 
the simulated absorption, scattering and extinction spectra. 
 
 
Figure 4.A4.  Calculated cross section (black: absorption, red: scattering, blue: extinction) of 
individual raspberry MM constructed with the same template size but different bead sizes. 
Simulation parameters for individual raspberry MMs are shown in Table 7. (A) corresponds to 
MM_3; (B) corresponds to MM_4; (C) corresponds to MM_5. The mesh size is 0.9 nm for all four 
simulations. 
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Figure 4.A5.  Calculated cross section (black: absorption, red: scattering, blue: extinction) of 
individual raspberry MMs constructed with different PS template size. Simulation parameters for 
individual raspberry MMs are shown in Table 7. (A) corresponds to MM_6; (B) corresponds to 
MM_2; (C) corresponds to MM_7. The mesh size is 0.9 nm for (A) and (B), and 1.2 nm for (C). 
Explanation of Figure 4.A6 and 4.A7:    
    The extinction spectra, measured using the set-up shown in Scheme 4.1, are shown for 
various raspberry-MMs in Figure 4.A6. This data is plotted along with the corresponding spectra 
of the same particles using a commercial UV-Vis spectrometer (Agilent 8453 UV-visible 
spectrophotometer). These measurements show that within the errors of the calibration of each 
instrument the data are consistent. The spectra obtained by the setup shown above has a slight 
mismatch (< 40 nm) in spectral peak position, which we attribute to a wider effective acceptance 
window (approximately 5 degrees) for the transmitted beam in the experimental setup, compared 
to that of the commercial unit. The range of wavelengths chosen per data point may also be wider 
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in this experimental setup. These curves provide a method to estimate the accuracy of the 
scattering measurements obtained by this setup, which should also be accurate within these 
errors.   
    To further verify the accuracy of these measurements, the electric (α=0o, β=0o) and magnetic 
(α=90o, β=90o) scattering spectra at 90 degrees scattering angle, were also measured for 
solutions made of PS beads, spherical gold nanoparticles and smooth gold nanoshells (Au@SiO2, 
purchased from Nanospectra Biosciences, Inc). As shown in Figure 4.A7 A-C all of these 
samples exhibited negligible magnetic dipole scattering (blue curves) compared to electrical  
dipole scattering (black curves) as expected for these simple geometries.7 Additionally, the 
scattering spectrum of the PS beads follows the 1/λ4 scaling of the Rayleigh scattering (Figure 
4.A7A), while the nanoparticles and smooth nanoshells show a dipolar resonance, at the same 
frequency as their corresponding extinction SPR peaks. These results show that the instrument 
correctly identifies the spectral position and the nature of the electric dipole scattering in these 
particles. For each spectrum, the cross-polarization measurements (α=90o, β=0o and α=0o, β=90o) 
were also provided to estimate the level of noise due to multiple scattering or other experimental 
artifacts, which is similar to the background in the magnetic scattering curves (α=90o, β=90o) for 
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the structures; the result shows that within the error of these measurements the magnetic dipole 
scattering is negligible for PS beads, spherical gold nanoparticles and smooth gold nanoshells.  
For small raspberry-MMs (Figure 4.A6 D), the magnetic dipole peaks at around 750 nm, and is 
only slightly larger than the cross-polarization background. For medium-sized raspberry-MMs 
(Figure 4.A6 E), the magnetic dipole resonance red shifts to 850 nm and is about 30% of the 
electric dipole resonance. For the largest raspberry-MMs studied here (Figure 4.A6 F and Figure 
4.14), the magnetic dipole peaks at around 920 nm and scattering becomes much stronger. The 
peak scattering intensity exceeds that of the electric dipole at wavelengths longer than 900 nm. 
The results confirm that increasing the size of raspberry-MMs effectively enhances their magnetic 
dipole response and red-shifts the magnetic response wavelength, which is in perfect agreement 
with the predictions of the FDTD simulations. 
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Figure 4.A6. Extinction spectra of the different raspberry-MMs measured using the set-up shown 
in Scheme 5 (black curve) and from a commercial UV-Vis instrument (purple curve).The 
measured samples are (A) small raspberry-MMs with a core diameter of 56 nm (MM_6), (B) 
medium sized raspberry-MMs with a core diameter of 94 nm (MM_4), (C) large raspberry-MMs 
with a core diameter of 184 nm (MM_1). Detailed synthesis and size parameters are shown in 
Table 7. 
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Figure 4.A7.  Measured scattering spectra at different polarization angles of the incident light and 
the scattered light for (A) polystyrene beads with a diameter of 80 nm, (B) spherical gold 
nanoparticles with a diameter of 150 nm, (C) smooth nanoshells (Au@SiO2) with core diameter of 
120 nm and shell thickness of 15 nm, (D) small raspberry-MMs with a core diameter of 56 nm 
(MM_6), (E) medium sized raspberry-MMs with a core diameter of 94 nm(MM_4), (F) large 
raspberry-MMs with a core diameter of 184nm (MM_1). Detailed synthesis and size parameters 
are shown in Table 1. Black, red, green and blue curves correspond to scattering radiation 
collected at different polarization angle of incident light (α) and scattered light (β) (black curve: 
α=0o, β=0o ( electric dipole), blue curve: α=90o, β=90o, (magnetic dipole), red curve: α=90o, β=0o, 
green curve: α=0o, β=90o.  Here, 0o denotes the direction perpendicular to the optical table and 
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90o denotes the direction parallel to the optical table. The relative intensities of these four curves 
within each plot can be directly compared. The purple curves correspond to the extinction spectra 
of corresponding samples, obtained using a commercial UV-Vis spectrometer. Their intensities 
are scaled in order to plot on the same graph. The brown curve in A corresponds to the 1/λ4 curve 
for Rayleigh scattering with adjusted intensity. 
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Figure 4.A8.  FDTD simulation and multipole analysis results for the donut model in air under 
transverse magnetic (A and B), transverse electromagnetic (C and D) and transverse electric (E 
and F) incident polarization with respect to the normal direction of the plane of ring. A, C and E 
show the simulated total absorption (green), scattering (red) and extinction (blue) spectra. The 
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insets show the electric field intensity at each resonant peak wavelength. B, D and F show the 
scattering cross section of the electric dipole (green), the magnetic dipole (blue) and the total 
scattering cross section (dashed). The electric and magnetic dipole scattering cross-sections are 
calculated using the polarization currents, and the total scattering cross-section is directly 
obtained using Lumerical TFSF source as described in the text. 
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Figure 4.A9.  FDTD Simulation results for the donut model under transverse electric incident 
polarization. (A) illustrating the orientation of the structure  with respect to the incident source, (B) 
simulated absorption, scattering and extinction spectra,  (C) the magnetic field intensity 
distribution at the electric dipole resonance wavelength,  (D) the magnetic field intensity 
distribution at the magnetic dipole resonance wavelength (D). 
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Figure 4.A10.  Calculated cross section of different electric and magnetic multimode scattering 
spectra and their sum (blue curve) compared with the total scattering spectrum (wine curve) (Ed: 
electric dipole, Eq: electric quadrupole, Eo: electric octopole, Md: magnetic dipole, Mq: magnetic 
quadrupole, Mo: magnetic octopole). The simulation parameters were Nbead = 100, Dcore = 96 nm, 
Rbead = 16 nm. 
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Figure 4.A11.  Influence of the PS core on the simulated absorption (black), scattering (red) and 
extinction (blue) spectra of the raspberry MMs. The model for (A) is a typical raspberry MM (Nbead 
= 90, Dcore = 56 nm, Rbead = 10.5 nm).  The model for (B) was constructed by replacing the PS 
core of the (A) structure with air.  The structures for (C) and (D) are clusters of Au nanobeads 
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without the dielectric core (Nbead = 90 for (C) and Nbead = 160 (D)).  The overall size of 
nanoparticle cluster in (D) is approximately the same as that of (A).  The mesh size for all FDTD 
simulation was 0.9 nm. 
 
Figure 4.A12.  Simulated absorption (black), scattering (red) and extinction (blue) spectra of an 
individual raspberry MM at different propagation and polarization directions of incident light. E 
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indicates the polarization direction and k indicates the direction of propagation. The simulation 
parameters for the raspberry MMs is as follows: Nbead=90, Dcore=56 nm, Rbead=10.5 nm Simulation 
mesh size is 0.9 nm. The scale bar in the simulation model is 50 nm. It is obvious that the 
polarization and propagation direction of incident light have little influence on the simulated 
absorption, scattering and extinction spectra due to the three-dimensional symmetry of the 
raspberry MMs. 
 
Figure 4.A13. Left axis: Calculated scattering intensity from the electric dipole (black curve) and 
magnetic dipole (red curve) of an individual raspberry-MM at a scattering angle of 90ocompared 
to the incident plane wave light source. Right axis: Calculated total scattering cross-section (σ) of 
electric dipole (wine curve) and magnetic dipole (green curve) at all angles are shown for 
comparison.  
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5. Weak Distance Dependence in Raman Enhancement of  Raspberry-like 
Metamolecule Dimers  
  Herein, I reported that the raspberry-like gold nanoparticle clusters synthesized by a template-
assisted seed-mediated method are quite efficient Raman substrate. The electromagnetic field 
intensity of the raspberry-MM dimer exhibited weak distance dependence. Finite-difference time-
domain (FDTD) simulation showed that although strong hotspots were created at the gap 
between adjacent raspberry-MMs, their contribution to the overall electromagnetic field is 
relatively weak compared to that from the hotspots within the raspberry-MMs. The existence of a 
large number of physically isolated nanoparticles on individual raspberry-MMs is responsible for 
the  weak distance dependence of the Raman enhancement from the raspberry-MM dimers. 
This work was done in collaboration with the group of Professor Zahra Fakhraai at the 
Department of Chemistry, University of Pennsylvania.  
Zhaoxia Qian, Chen Li, Zahra Fakhraai*, So-Jung Park*.  Manuscript in preparation. 
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5.1 Introduction  
    Surface enhanced Raman spectroscopy (SERS) is a powerful surface sensitive technique 
which enhances the Raman scattering of analyte molecules absorbed onto substrate surfaces.1 
Substrates such as noble metals (Au, Ag, Cu) and rough transition metals can provide significant 
Raman enhancement by effectively enhancing the electromagnetic field on their surfaces.2 
Among them, Raman substrates made of noble metal nanoparticles (Au or Ag) have received 
tremendous attention in the last couple of decades due to their localized surface plasmon 
resonance (LSPR) which provides much stronger enhancement of the surface electromagnetic 
field compared to other Raman substrates.3-5 The development of a variety of noble metal 
nanoparticle Raman substrates has facilitated the wide application of SERS in biomolecule 
detection6, sensing7 and homeland security8. 
    It is widely known that high local electromagnetic field enhancement or "hot spots" can be 
created at the junction between adjacent nanoparticles due to their strong plasmonic coupling.9, 10 
This phenomenon has proved to be powerful enough to enable the detection of SERS signal at 
an extremely low concentration11 or even at the single molecule level.12 The overall 
electromagnetic enhancement in dimers of nanospheres13, nanoshells14 or rough nanoparticles15 
is strongly dependent on the distance between adjacent nanoparticles. In order to take advantage 
of the strong hot spots created in the nanoparticle junction to fabricate reproducible Raman 
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substrate, it is of critical importance to control the interparticle distance in nanometer scale. 
Tremendous effort has been put on making nanoparticle assemblies with hot spots via either 
bottom-up assembly16-19 or top-down lithographic method.20, 21 Traditional bottom-up approach to 
create hot spots between adjacent nanoparticles usually involves the preparation of single 
nanoparticles, induced nanoparticle aggregation16-18 followed by freezing of nanoparticle 
aggregates by polymers, or delicate control of the interaction of nanoparticles via surface 
functionalization.19 However, it is still quite challenging to control the distance between adjacent 
nanoparticles accurately within nanometer scale due to the limitation in existing nanoparticle 
assembly method and the resolution of lithography techniques.  
    Herein we reported a novel type of gold nanoparticle clusters, namely the raspberry-like 
metamolecules (raspberry-MM)22, synthesized by a seed-mediated method whose dimers 
exhibited weak distance dependence of Raman enhancement. The average Raman signal 
intensity from single raspberry-MMs and their dimers exhibited similar dispersion among around 
20 measurements, with the latter only 2.8 times that of the former despite of their uncontrolled 
distance in the dimers. Finite-difference time-domain (FDTD) simulation showed that the 
contribution from the extremely strong hot spots in the dimer gap to the overall electromagnetic 
field intensity in raspberry-MM dimers is negligible. The overall electromagnetic field intensity in 
raspberry-MM dimers decreased only 15% when the gap distance increased from 1 nm to 50 nm. 
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This unexpected behavior probably originates from the large number of hotspots within individual 
raspberry-MMs formed by a lot of physically isolated nanoparticles in each raspberry-MM. The 
insensitivity of the electromagnetic field intensity on raspberry-MM dimers to interparticle distance 
provides an alternative solution to the long-term challenge in the SERS community. The 
raspberry-MM would be a promising building block for fabricating large-area uniform Raman 
substrate, which would essentially advance the detection capability of SERS to an unprecedented 
level. 
 
5.2 Materials and Methods  
5.2.1 Synthesis of Raspberry-MMs. Benzyl dimethyl hexadecyl ammonium chloride (BDAC), 
chloroauric acid (HAuCl4), sodium borohydride (NaBH4), silver nitrate (AgNO3), ascorbic acid and 
4-mercaptobenzoic acid (4-MBA) were purchased from Sigma-Aldrich. Ammonium hydroxide was 
purchased from Fisher Scientific. Carboxylate-modified FluoSpheres® (100 nm diameter, 2 % 
solids and 200 nm diameter, 4% solids) were purchased from Invitrogen. The average diameters 
of the PS beads were determined to be 94.5 ± 7.2 nm and 184.2 ± 9.4 nm respectively by TEM 
measurement. The raspberry-metamolecules (raspberry-MMs) were synthesized by a templated 
surfactant-assisted seed growth method. Typical seed solution was synthesized as follows: 
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carboxylate-modified FluoSpheres® (100 µL) was mixed with an aqueous solution of Ag(NH3)2
+ 
(0.01 M, 1 mL), which was prepared by mixing AgNO3 (1 mL, 0.01 M) and NH4OH (1 M, 25 µL).  
After 30 minutes, the mixture was centrifuged at 18,000 rpm for 30 minutes. Supernatant was 
discarded and the same washing procedure was repeated one more time. The supernatant was 
then replaced with 500 µL of water followed by injection of freshly prepared NaBH4 (0.01 M, 100 
µL) with vigorous mixing. Finally, the silver seed-decorated PS beads were purified by 
centrifuging the solution at 18,000 rpm for 30 minutes after aging in room temperature overnight 
and redispersed into 5 mL water. The growth solution was prepared by mixing aqueous solution 
of BDAC (0.1 M, 10 mL), HAuCl4 (0.01 M, 421 µL), AgNO3 (0.01 M, 64 µL) and ascorbic acid (0.1 
M, 67 µL).  For typical syntheses of raspberry-MMs, a seed-decorated bead solution (35 to 70 µL) 
described above was added to a 10 mL growth solution followed by a gentle mixture for a few 
seconds. Red color started developing after approximately 10 minutes, and the reaction was 
completed in two hours. The final product was centrifuged twice (4000 rpm, 10 min each) to 
remove excess BDAC surfactant before further characterization. 
5.2.2. Characterization.  Transmission electron microscope (TEM) images were taken with a 
JEOL1400 operating at 200 kV accelerating voltage. Scanning electron microscope (SEM) 
images were taken with a Quanta 600 FEG Mark II at 30 kV accelerating voltage. Extinction 
spectra were measured with an Agilent 8453 UV-Visible spectrophotometer. 
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5.2.3 Fabrication of Raspberry-MM film. Raspberry-MM film was fabricated by the slow solvent 
evaporation method.23 Silica wafer was cleaned with pirahnia (volume ratio of 98% H2SO4: 30% 
H2O2=7:3) for 30 min, and then placed in a home-made platform with a tilt angle of 9
o degree on a 
Petri dish. 8 µL of raspberry-MM solution was placed onto the silica wafer and the whole set-up 
was covered and let dry slowly without turbulence at 15oC in an incubator for 20 hrs.   
5.2.4 Raman Measurement.  The raspberry-MM solution was concentrated 20 times and used for 
Raman measurement. For single particle measurement, 5 µL raspberry-MMs were placed on a 
piranha-cleaned silicon wafer for 30 seconds in a home-made humidifying chamber. Then the 
substrate was rinsed with water and dried with nitrogen gas. 4-mercaptobenzoic acid (4-MBA) 
was deposited onto the raspberry-MMs by submerging the silicon wafer into a 2 mM ethanolic 
solution of 4-MBA overnight. The silicon wafer was taken out, rinsed with H2O and dried under N2 
before measurement. Raman measurement was performed on Renishaw RM1000 confocal 
microprobe Raman Microspectrometer. The excitation wavelength is 785 nm from a diode laser 
(Class IIIb lasers, 500 mW) that was sent through a 100 cm-1 cutoff notch filter and focused to 
using a 100× objective (Leica Germany, NA=0.90). The focal plane of the laser is estimated to be 
ellipsoidal with a shorter axis of 3 µm and a longer axis of 8 µm. Typical laser power density and 
acquisition time for Raman measurements were 2.63*103 W/cm2 and 10 s, respectively. The 
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spots where the Raman signal was collected was further characterized by SEM in order to 
uncover the detailed aggregation state of the raspberry-MMs. 
5.2.5 Finite-difference Time-domain (FDTD) Simulati on. Finite-difference Time-domain 
(FDTD) simulations were performed using Lumerical Solutions, Inc. FDTD package. Simulation 
details and methods for generating single raspberry-MMs are described in my previous 
publication.22 Briefly, the modeled structure of the raspberry-MMs was generated via a molecular 
dynamic simulation. The model is made of 800 Au beads closely packed on a PS spherical core 
with a diameter of 184 nm. Each Au bead is made of a Au core with a radius of 13 nm and a PS 
shell with a thickness of 1 nm. Here the PS shell is to mimic the surfactant layer on the Au 
surface and keep the Au core physically isolated. The raspberry-MM dimers were generated by 
placing two identical particles separated at a designated distance (1 nm to 50 nm). A broadband 
pulse was injected into the rectangular simulation region enclosing the structure, and a perfectly 
matched layer (PML) boundary condition was applied. The electric field intensity inside of the 
simulation region was recorded and their sum was calculated. The near field intensity distribution 
was calculated using the squared norm of the complex field vectors and the Raman enhancement 
was calculated by multiplying the field intensity at the excitation frequency with that at the Stokes  
scattering frequency. 
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5.3 Results and Discussions 
 5.3.1 Raspberry-like Metamolecules (Raspberry-MMs)  as Raman Substrate 
    The raspberry-like metamolecules (raspberry-MM) were synthesized by a template-assisted 
seed-mediated method described in a previous publication.22 Typically, small silver nanoparticles 
(2~5 nm) were deposited onto the negatively charged polystyrene (PS) template, followed by gold 
deposition on the PS template upon mixing the seed solution with a growth solution containing 
surfactant benzyl dimethyl hexadecyl ammonium chloride (BDAC), silver nitrate, ascorbic acid 
and silver seed. (Figure 5.1A) The final structure is a collection of physically isolated gold 
nanoparticles assembling on the PS template, named raspberry-like metamolecule (raspberry-
MM).22 (Figure 5.1A) Typical raspberry-MM exhibited a broad extinction spectrum spanning from 
550 nm to over 1200 nm (Figure 5.A1), originating from the existence of multiple electric and 
magnetic resonance modes.22 
    The existence of a large number of close-packed while physically isolated nanoparticles in 
each raspberry-MM offers tremendous room for electromagnetic enhancement. Here surface 
enhanced Raman spectroscopy (SERS) was used to investigate how individual raspberry-MMs 
interact with incident electromagnetic field. 4-mercaptobenzoic acid (4-MBA) was used as analyte 
because it can replace the BDAC surfactant and form close-packed self-assembled monolayers 
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(SAMs) on gold surface due to strong Au-S bonding.24, 25 The Raman spectra of 4-MBA were 
collected from 18 individual raspberry-MMs, which was verified by correlating optical images and 
SEM images. (Figure 5.1B, 5.1C, 5.1D) 4-MBA exhibited two major Raman peaks at 1076 cm-1 
and 1585 cm-1 (Figure 5.1D), respectively, which were assigned to the combination band of the 
phenyl ring-breathing and C-S stretching modes, and the phenyl ring C-C stretching mode, 
respectively.26 The average Raman intensity at 1076 cm-1 and 1585 cm-1 collected from 18 
individual raspberry-MM is 3872±1256 (32% standard deviation) and 3795±961 (25% standard 
deviation) counts, respectively.  
    It is widely known that the Raman enhancement in metal nanoparticle dimers can be tens to 
thousand times of that on individual metal nanoparticles.15, 18 Similarly, the Raman enhancement 
from raspberry-MM dimers was investigated. Raman signals of 4-MBA from 22 dimers of 
raspberry-MM (Figure 5.2A) with uncontrolled interparticle distances formed by evaporation of 
solvent on the substrate were collected. (Figure 5.2B) The average intensity of the Raman signal 
of 4-MBA at 1076 cm-1 and 1585 cm-1 is 11686±3656 (31% standard deviation) and 11822±
3833 (32% standard deviation) counts, respectively. The Raman signal intensity from 18 
individual raspberry-MMs and 22 raspberry-MM dimers were plotted together for better 
comparison. (Figure 5.2C) The average Raman spectra intensity from the raspberry-MM dimers 
and single raspberry-MM at 1076 cm-1 and 1585 cm-1 has a ratio of 2.8, which is much smaller 
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than reported nanoparticle systems.15, 18 Surprisingly, both datasets have very similar dispersion, 
as indicated by their close coefficient of variance (around 30%, see caption of Figure 5.1 and 
Figure 5.2). This result is quite surprising given that the distance between adjacent raspberry-MM 
is uncontrolled and can be as far as over 200 nm (highlighted by red rectangular box, red curve 
and red arrow in Figure 5.2A, 5.2B and 5.2C, respectively).  
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Figure 5.1.  (A) Schematic description of the synthesis of raspberry-like metamolecules 
(raspberry-MMs). (B) SEM image of the typical raspberry-MMs used for single particle Raman 
measurement. (C) SEM image of the raspberry-MMs. (D) Optical image of the same area as in 
(C) used to ensure that only spectra from single particle were collected. (E) High magnification 
SEM images of the raspberry-MMs shown in (C). Boxes are added to individual raspberry-MMs to 
help with visualization. (F) Raman spectra of 4-MBA on 18 individual raspberry-MMs. The 
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average intensity and the coefficient of variance of the Raman spectra are 3872 counts and 25% 
at 1076 cm-1 and 3795 counts and 32% at 1585 cm-1, respectively. The scale bars in (C) and (D) 
are 500 nm and 200 nm, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.  (A) SEM images of 22 raspberry-MM dimers with uncontrolled interparticle distances. 
(B) Raman spectra of 4-MBA on 22 raspberry-MM dimers shown in (A). (C) Raman intensity 
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distribution of 4-MBA on the 18 single raspberry-MM shown in Figure 5.1E and 22 raspberry-MM 
dimers shown in (B) at Raman shift of 1076 cm-1 and 1585 cm-1. The dashed lines indicate the 
average signal intensity at 1076 cm-1. The average intensity and their coefficient of variance  and  
are 11686 counts and 32% at 1076 cm-1,  11822 counts and 33% at 1585 cm-1, respectively. The 
scale bar in (A) is 200 nm.  
 
5.3.2 Finite-Difference Time-Domain (FDTD) Simulati on  
    The structural novelty of the raspberry-MMs is that the electromagnetic enhancement comes 
not only from their outer surface but also from the internal gaps within individual raspberry-MMs, 
which distinguish them from reported systems in which only the outer surface contribute to the 
overall Raman enhancement. In order to explain the relatively low increase in Raman 
enhancement from individual raspberry-MM to raspberry-MM dimers and the small dispersion of 
Raman signal intensity from raspberry-MM dimers with uncontrolled gap size, finite-difference 
time-domain (FDTD) simulations were used to calculate the electromagnetic field distribution in 
raspberry-MMs. Here a model made of 800 isolated individual Au@PS beads closely packed on 
a PS core was used to mimic the experimental structure of the raspberry-MM.22 (Figure 5.A2) The 
distances between adjacent Au@PS beads were kept to be around 2 nm.22 Here only the 1076 
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cm-1 Raman line was considered for discussion because it is expected that similar trend would 
apply to the 1585 cm-1 Raman line.       
    The electromagnetic field intensity (E2) in individual raspberry-MM and raspberry-MM dimers at 
both the excitation wavelength (785 nm) and the scattered wavelength (860 nm) was calculated 
by FDTD method and corresponding cross sections were shown in Figure 5.3. The 
electromagnetic field in individual raspberry-MMs is mainly focused at the gap between individual 
beads while their intensity at the outer surface of the raspberry-MM is much weaker. (Figure 5.3A, 
5.3B, top). The intensity of the electromagnetic field varies in the internal hot spots within 
individual raspberry-MMs, which is attributed to the heterogeneity in the gap size (Figure 5.A2) 
and the different local coupling modes in different locations at the investigated frequencies. The 
different spatial distribution and intensity of the hotspots at the excitation and scattering 
wavelength is probably also related to different local coupling modes at different wavelengths. 
(Figure 5.3A, 5.3B) In the experimental structure of the raspberry-MMs, the variation in the size 
and shape of individual gold beads would result in more deviation in hot spots intensities. 
However, despite of the spatial variation of the hot spots intensity within individual raspberry-MMs, 
the existence of a large number of Au beads (around 800) and hot spots provides averaging 
effect which makes the overall electromagnetic enhancement of individual raspberry-MM 
relatively consistent. (Figure 5.1F)  
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    Strong hot spots are created at the gap between the two adjacent raspberry-MMs, which is 
quantitatively supported by the much higher overall electromagnetic field intensity at the gap (x = 
0 nm in Figure 5.3C, 5.3D) compared to other locations along the polarization direction of the 
incident light. (Figure 5.3C, 5.3D, Figure 5.A3-A5) However, the contribution from these hot spots 
to the overall electromagnetic field intensity of the two adjacent raspberry-MM is relatively small 
given that the area underneath the peak at x = 0 nm in Figure 3C and 3D only counts a small 
proportion of the whole area underneath the graph.  
    The calculated overall electromagnetic field intensity of the raspberry-MM dimer with a 
separation of 1 nm is 7.7 times that of single raspberry-MM when the polarization direction of the 
incident light is parallel to the long axis of the dimers and 1.8 times when the polarization direction 
of the incident light is perpendicular to the long axis of the dimers (Table 9). This calculated result 
is in good agreement with the experimental result given that the experimental incident laser is not 
polarized. At the excitation wavelength (785 nm), the electromagnetic field intensity on individual 
raspberry-MM in the dimer structure is different from that on isolated individual raspberry-MM: 
part of the raspberry-MM close to the dimmer gap (-200 nm < x < 200 nm in Figure 3C and 3D) 
experienced around 100% increase of the overall electromagnetic field intensity while area far 
away from the dimmer gap (x > 200 nm and x < -200 nm) experienced around 50% decrease 
compared to that on isolated raspberry-MMs. This phenomenon proved that strong coupling 
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effect between the adjacent raspberry-MMs happened and resulted in the redistribution of 
hotspots inside of individual raspberry-MMs. The above discussion justified that the enhanced 
Raman intensity (2.8 rather than 2.0 dimer vs single particle) originated from the redistribution of 
hotspots inside of individual raspberry-MMs due to the coupling effect between adjacent 
raspberry-MMs rather than the strong hot spots in between. This phenomenon is quite different 
from reported results on dimers of spherical nanoparticles15, 18 and nanoshells with similar sizes. 
For example, for Au@PS core-shell structure with a PS core radius of 92 nm and an Au shell 
radius of 169 nm, the majority of the overall electromagnetic enhancement comes from the hot 
spots in the dimer gaps while the contribution of the electromagnetic enhancement on other 
surfaces of the nanoshells is relatively small. (Figure 5.A6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.  (A, B) Top: Electric field intensity (E
wavelength (785 nm, A) and
sum of the electric field intensity
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incident light is along x axis and propagation direction is along z axis. The color bar is in logarithm 
scale. 
 
Table 9. Numerical values of E4 calculated by multiplying the electric field intensity E2 at 785 nm 
and 860 nm outside of PS core and 2 nm away from the outer surface of the raspberry-MMs 
obtained from FDTD simulation. Two different polarization directions (// and     ) of the incident 
electric field was investigated. The values in parenthesis are the relative ratio compared to that of 
the isolated single raspberry-MM.  
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Figure 5.4.  Normalized electric field intensity (E2) at 785 nm for raspberry-MM dimers (black 
square), smooth nanoshell dimers (red square) and spherical Au nanoparticles (blue square) with 
different separation distance. Here the electric field intensity is normalized over that of dimers 
with a separation of 1 nm. The electric field intensity E2 is integrated over the region outside of 
the PS core while within 2 nm of the surface of individual nanoparticles. The polarization direction 
of the incident light is along the dimer axis.  
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    In order to study how the electromagnetic field intensity in the raspberry-MM dimers decay with 
increasing gap size in between, the electromagnetic field intensity at 785 nm of the raspberry-MM 
dimers with a separation of 1 to 50 nm was calculated. (Figure 5.A4) The overall electromagnetic 
field intensity in raspberry-MM dimers decreased by 15% when the separation increased from 1 
nm to 10 nm and stayed relatively constant when the separation distance further increased up to 
50 nm. On the contrary, the electromagnetic field intensity on the dimer of Au@PS nanoshells 
and spherical Au nanoparticles decreased by 78% and 87%, respectively, with increasing 
separation distance from 1 nm to 50 nm. Similar weak dependence of the overall electric field 
intensity on dimer distance was seen on the Raman enhancement (E4) of raspberry-MM dimer 
compared to that of nanoshell dimer and nanosphere dimers (Figure 5.A7). This is consistent with 
our experimental observation. (Figure 5.2) 
    It is known that the electromagnetic enhancement of the spherical nanoparticles and 
nanoshells comes from the interaction of the electric dipole resonance across the whole structure, 
which decays very fast with increasing gap distance.27 The raspberry-MM has no distinct electric 
resonance peak in its far field extinction spectra.22 (Figure 5.A8) Instead, it contains multiple local 
electric dipole resonance modes with a variety of resonance frequencies. At 785 nm and 860 nm, 
the far field spectra of the raspberry-MM is dominantly made of multiple local electric dipole and 
quadrupole resonances. (Figure 5.A8) When two raspberry-MMs are close enough, complicated 
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interactions between multiple electric resonances would occur between two adjacent raspberry-
MM (Figure 5.A9-A11) and these interactions probably decreased the dependence of the 
electromagnetic field intensity on interparticle distance. Herein, the existence of a large number of 
physically isolated nanoparticles in individual raspberry-MM is critical for the weak distance 
dependence of electromagnetic field intensity on raspberry-MM dimers. In fact, increasing the 
number of nanoparticles in nanoparticle dimers would slow down the decrease of the 
electromagnetic field intensity with increasing dimer distance. (Figure 5.A12) This novel property 
provides an efficient alternative solution for the problem of controlling dimer distance within 
nanometer range.  
5.3.3 Raspberry-MM Films as Uniform Raman Substrate  
Given that the Raman signal intensity on the raspberry-MM dimers is weakly dependent on the 
interparticle distance, one would predict that raspberry-MM films can also be quite reproducible 
Raman substrate. As shown in Figure 5.5, large-area well-ordered raspberry-MM film was 
successfully fabricated by the slow solvent evaporation method.23 Compared to smooth 
raspberry-MM films fabricated by the same method (Figure 5.6), our raspberry-MM film showed 
larger area ordered structure as well as more uniform interparticle distance, probably due to the 
electric repulsion force between the BDAC surfactant bilayer. The raspberry-MM film showed very 
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little spot-to-spot Raman intensity variation (8.3% and 5.9% standard deviation at 1076 cm-1 and 
1585 cm-1), which is comparable to other 2D Raman substrate fabricated using lithography 
method such as the well-established AgFONs.28 
    
 
 
 
 
 
 
 
 
 
 
Figure 5.5.  (A) (Top) Schematic description of the setup for fabricating uniform films made of 
raspberry-MMs (see Materials and Methods section for details). Here the pre-cleaned Si wafer 
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(black) is placed on a home-made holder (blue triangle) with a tilt angle of 9 degree. The black 
curves on top indicate a cover over the setup. (Bottom) A low magnification SEM image of the 
raspberry-MM film. The film is mainly formed on the lower end of the Si wafer indicated by the red 
arrows. (B, C, D) SEM images of the raspberry-MM at different magnifications. (E) Raman 
spectra of 4-MBA on 12 different spots of the film shown in (C). Here the focal plane of the 
incident laser is ellipsoidal with a shorter axis of 3 µm and a long axis of 8 µm. Raspberry-MMs 
has a PS core with a diameter of 94 nm. For every 10 mL of growth solution, 35 µL of seed was 
used for the synthesis. The scale bars in B and C are 100 µm and 5 µm, respectively. 
Figure 5.6.  (A, B) SEM images of a film made of smooth nanoshells with different magnifications. 
Here the smooth nanoshells have a SiO2 core diameter of 120 nm and a gold shell thickness of 
15 nm. (C) Raman spectra of 4-MBA on 11 different spots of the film shown in (A). Scale bars in 
A and B are 2 µm and 500 nm, respectively. 
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5.3.4 Other Raspberry-MMs as Raman Substrate 
    In order to study how the size and number of the gold beads affect the uniformity of the Raman 
signal on raspberry-MMs, medium-sized raspberry-MMs were synthesized and Raman spectra 
from 82 single raspberry-MMs were collected (Figure 5.7). The number of gold beads in individual 
raspberry-MMs is around 100 (refer to Chapter 4 for details). Therefore, the number of hotspots is 
expected to be much smaller than the big raspberry-MMs shown in Figure 5.1. Surprisingly, the 
Raman signal intensities at both 1076 cm-1 and 1585 cm-1 over 82 random individuals (Figure 
5.7C, D and E) were mainly distributed within one order of magnitude without any silent data 
points. This result indicates that medium-sized raspberry-MMs already have enough number of 
hotspots to be uniform Raman substrate. The relationship between the size of the gold beads on 
each raspberry-MMs and the Raman signal intensity was also investigated. Four types of 
raspberry-MMs with different gold bead sizes and PS template diameters were synthesized and 
used for single particle Raman substrates (Figure 5.8). From sample A to D, the dipole Plasmon 
resonance red shifted from around 800 nm to over 1200 nm (Figure 5.8E). Corresponding 
averaged Raman spectra of 4-MBA on single raspberry-MMs (Figure 5.8F) showed Raman 
intensity at 1076 cm-1 were 540, 905, 2182 and 3242 counts and at 1585 cm-1 were 515, 805, 
2206, 3242 for sample A, B, C, D respectively. The Raman intensity distribution shown in Figure 
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5.8G to 5.8L was quite consistent with that in Figure 5.7D and 5.7E, proving that this type of 
raspberry-MMs were quite uniform Raman substrate as long as there're enough number of 
hotspots inside of individual raspberry-MMs. The Raman intensity increase from A to D probably 
mainly originated from an increase of the surface area. 
 
 
 
 
 
 
 
 
 
 
Figure 5.7.  (A) SEM and (B) extinction spectra of medium-sized raspberry-MMs. Here the 
raspberry-MMs have a PS core diameter of 94.5 nm. For 10 mL of growth solution, 35 µL of silver 
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seed solution was used for the synthesis of raspberry-MMs. (C) Raman spectra of 4-MBA on 82 
single raspberry-MMs. (D, E) Raman intensity distribution of 4-MBA on 82 single raspberry-MMs 
at Raman shift of 1076 cm-1 (D) and 1585 cm-1 (E). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8.  (A-D) SEM images of raspberry-MMs of different sizes. The diameters of PS core are 
94.5 nm (A, B, C) and 184 nm (D). For 10 mL of growth solution, volumes of seed solutions used 
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are (A) 70 µL (B) 35 µL (C) 20 µL (D) 35 µL. Refer to Chapter 4 for detailed size parameters. (E) 
Normalized extinction spectra of the raspberry-MMs shown in (A-D). (F) Averaged Raman 
spectra of 4-MBA on nanoshells with different sizes shown in (A) (black curve), (B) (red curve), (C) 
(blue curve) and (D) (green curve); (G-L) Raman intensity distribution of 4-MBA on single 
raspberry-MMs shown above ((G, J) for sample (A);  (H, K) for sample (C); (I, L) for sample (D)) 
at Raman shift of 1076 cm-1 (G, H, I) and 1585 cm-1 (J, K, L). 
 
5.4 Conclusions  
      In summary, we have demonstrated that the raspberry-like gold nanoparticle clusters 
synthesized by a template-assisted seed-mediated method are quite efficient Raman substrate. 
Counterintuitively, compared to individual raspberry-MMs, no significant Raman enhancement 
was observed on raspberry-MM dimers. Importantly, the electromagnetic field intensity of the 
raspberry-MM dimer exhibited weak distance dependence. Finite difference time-domain (FDTD) 
simulation showed although strong hotspots were created at the gap between adjacent raspberry-
MMs, their contribution to the overall electromagnetic field is relatively weak compared to that 
from the large number of strong hotspots within individual raspberry-MMs. The overall 
electromagnetic field intensity of the raspberry-MMs exhibited weak dependence on the gap 
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distance in 1-50 nm range. This originates from the existence of a large number of physically 
isolated nanoparticles on individual raspberry-MMs which resulted in multiple local electronic 
resonance modes instead of one global electronic dipole resonance modes. This discovery has 
overcome the long-term challenging problem of fabricating nanoparticle dimers with strong 
hotspots and controlled interparticle distances. The raspberry-MMs can be extraordinary building 
blocks for fabricating large area reproducible Raman substrates. Furthermore, raspberry-MM 
films were fabricated and provided very little spot-to-spot Raman intensity variation (as low as 
8.3%). The intensity of Raman signal produced from raspberry-MMs with different sizes also 
exhibited very low deviation, and this might also be attributed to the existence of a large number 
of hotspots on individual raspberry-MMs. The results presented here offer a novel platform to 
generate a new class of highly reproducible and uniform Raman substrate. This opens avenues 
for reliable quantitative SERS studies in in vitro bioassay, in situ probe tracking in cells, in vivo/ex 
vivo Raman imaging and particle-based photothermal therapeutics. 
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5.6 Appendix 
Table 5.A1. Mesh convergence test of the FDTD simulation. The model used is dimer of 
raspberry-MM with an overlap of 2 nm. 
 
Mesh Size (nm) Sum of |E| 2 at 785 nm over all space (V 2/m2 µm3) 
1 2.75 
1.15 3.16 
1.2 3.26 
1.4 2.99 
 
Notes: It is reported that at small distance between nanoparticle dimers, the mesh requirement for 
the FDTD simulation to converge is finer compared to larger interparticle distance.27 Here we are 
using the lowest mesh (1.2 nm) we can use under our current computer resource.  We 
understand that we're probably overestimating the electric field intensity within the raspberry-MMs 
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given the convergence test shown in Table 5.A1. However, it's likely that the overall trend in the 
electric field intensity of raspberry-MM dimers still hold. Also, the major conclusion drawn from 
this paper is likely to be solid given that our simulation results are in good agreement with the 
experimental results. 
 
 
 
 
 
 
 
 
Figure 5.A1.  Extinction spectrum of the solution of the raspberry-MMs used for Raman 
measurement.  
 
 
 
 
Figure 5.A2.  Left: Model of raspberry
Histogram of nearest neighbor
raspberry-MM structure. 
Figure 5.A3.  (A, B) Top: Electric field intensity (E
with a separation of -2 nm (or an overlap of 2 nm) along x axis at 785 nm (A) and 860 nm (B); 
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-MM generated by molecular dynamic simulation. Right: 
 surface-to-surface distance between Au beads
2) on the xy plane of the raspberry
 
 in the modeled 
-MM dimers 
 
 
bottom: sum of the electric field intensity (E
position. The polarization direction of the incident light is along x axis. The color bar is in 
logarithm scale. 
Figure 5.A4.  (A, B) Top: Electric field intensity (E
with a separation of 5 nm along x axis at 785 nm (A) and 860 nm (B); bottom: sum of the electric 
field intensity (E2) on each slab parallel to the yz plane at different x
direction of the incident light is along x axis. The color bar is in logarithm scale.
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2) on each slab parallel to the yz plane at different x 
 
2) on the xy plane of the raspberry
 position. The polarization 
 
-MM dimers 
 
 
Figure 5.A5.  (A, B) Top: Electric field intensity (E
with a separation of -2 nm (or an overlap 
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2) on the xy plane of the raspberry
of 2 nm) along x axis at 785 nm (A) and 860 nm (B); 
-MM dimers 
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bottom: sum of the electric field intensity (E2) on each slab parallel to the yz plane at different x 
position. (C, D) Top: Electric field intensity (E2) on the xy plane of the raspberry-MM dimers with a 
separation of 1 nm (or an overlap of 2 nm) along x axis at 785 nm (C) and 860 nm (D); bottom: 
sum of the electric field intensity (E2) on each slab parallel to the yz plane at different x position. 
(E, F) Top: Electric field intensity (E2) on the xy plane of the raspberry-MM dimers with a 
separation of 5 nm (or an overlap of 2 nm) along x axis at 785 nm (E) and 860 nm (F); bottom: 
sum of the electric field intensity (E2) on each slab parallel to the yz plane at different x position. 
The polarization direction of the incident light is along y axis. The color bar is in logarithm scale. 
 
 
Figure 5.A6. E2 map of single smooth nanoshells (A, B), smooth nanoshell dimers with 1 nm gap 
(C, D) and smooth nanoshell dimers with 5 nm gap (E, F). A, C, E are E
D, F are E2 map at 860 nm.  Here the polarization direction of the incident light is along the long 
axis of the dimers. The color bars are on logarithmic scale.
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2 map at 785 nm and B, 
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Figure 5.A7.  Normalized electric field enhancement (E4) for raspberry-MM dimers (black square), 
smooth nanoshell dimers (red square) and spherical Au nanoparticles (blue square) with different 
separation distance. Here the electric field intensity is normalized over that of dimers with a 
separation of 1 nm. The E4 is integrated over the region outside of the PS core while within 2 nm 
of the surface of individual nanoparticles. The polarization direction of the incident light is along 
the dimer axis. 
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Figure 5.A8.  (A) Calculated absorption (black curve), scattering (wine curve) and e
curve) spectrum of individual 
Calculated cross section of different electric and magnetic resonance modes to the scattering 
spectra of the raspberry-MMs. Ed: electric dipole, Eq: electric quadrupole, Eo: electric octopole, 
Md: magentic dipole, Mq: magnetic quadrupole, Mo: magnetic 
electric and magnetic resonance modes. 
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raspberry-MMs (in H2O) used for Raman measurement. 
octopole. Sum is the sum of all six 
 
xtinction (blue 
(B) 
 
289 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.A9.  Simulated far field absorption (black curves), scattering (red curves) and extinction 
spectra (green curves) of single raspberry-MM (A) and raspberry-MM dimers with a separation of 
1 nm (B, C). The polarization direction of the incident light is along the long axis of the dimer in 
(B) and perpendicular to the long axis of the dimer in (C). 
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Figure 5.A10.  Simulated far field absorption (black curves), scattering (red curves) and extinction 
spectra (green curves) of single raspberry-MM (A) and raspberry-MM dimers with a separation of 
-2 nm (or an overlap of 2 nm) (B,C). The polarization direction of the incident light is along the 
long axis of the dimer in (B) and perpendicular to the long axis of the dimer in (C). 
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Figure 5.A11.  Simulated far field absorption (black curves), scattering (red curves) and extinction 
spectra (green curves) of single raspberry-MM (A) and raspberry-MM dimers with a separation of 
5 nm (B,C). The polarization direction of the incident light is along the long axis of the dimer in (B) 
and perpendicular to the long axis of the dimer in (C). 
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Figure 5.A12. (A) Change of the electric field intensity (E2) at 785 nm of the small Au nanosphere 
dimers over distance. (B) Change of the electric field intensity (E4) (E2 at 785 nm times E2 at 860 
nm) of small Au nanosphere dimers over distance. The geometry of the nanospheres are shown 
on top as a, b, c, d. The color coding is the same as in (A) and (B). Here the electric field intensity 
is the sum of that 2 nm within the surface of Au nanospheres. The radius of the Au nanospheres 
are 13 nm in all a, b, c, d.  
